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^reface 
This thesis describes the development of a highly efficient detector system 
(SOLITAIRE) to make precise measurements of evaporation residues produced 
following heavy-ion fusion reactions. The details of the measurements of ER angular 
distributions and fusion excitation functions performed with this device, as well as 
the experimental fusion barrier distributions for the 58 j^^ 58,60,64]\jj reactions are 
presented and compared with previously existing data and theoretical calculations. 
This project was suggested by Dr. M. Dasgupta and Prof. D.J. Hinde. All the 
experiments reported here were carried out using SOLITAIRE. In parallel to this 
work, the code SoliX has been developed by M.L. Brown to perform simulations of 
the trajectories of the events of interest through SOLITAIRE. 
All experiments were carried out using heavy-ion beams produced with the 
H U D Pelletron accelerator of the Department of Nuclear Physics at the Australian 
National University. All measurements documented in this thesis were performed 
within the framework of the Fusion Dynamic group, with assistance from the 
academic and technical staff of the Department. 
Data analysis programs were developed by the author to analyze and present 
the experimental and simulated data discussed in this thesis. 
Assistance with the analysis and interpretation of the results presented here was 
received from Dr. M. Dasgupta and Prof. D.J. Hinde. 
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Abstract 
This thesis reports the successful development, characterization and 
optimization of the novel fusion product separator, SOLITAIRE, as well as the 
development of methods for collection and analysis of precise fusion cross section 
data. 
One important strand of this work has been the verification of the ion trajectory 
simulation code SoliX (developed in parallel by another member of the group). 
The predictions of this code were verified by comparing with measurements 
done in this thesis. These comparisons highlighted problems with the available 
phenomenological models used to predict equilibrium charge states for heavy-ions 
moving through low pressure gas. Two main models were compared with data for a 
range of ions (with 56 < Z < 70) interacting with low pressure helium; neither was 
found to be accurate, showing a need for more rigorous models. 
The development and optimization of SOLITAIRE made possible the fast 
collection of highly precise fusion data, from the technically challenging symmetric 
reactions and near symmetric reactions, to asymmetric 
reactions and Detailed descriptions of the experimental 
techniques to measure evaporation residue cross sections and ER angular 
distributions are given. A smooth dependence of the ER angular distribution shape 
on the beam energy was demonstrated for the 58]«sjj_,_58,60,64]sjj reactions. For each of 
these reactions, two fusion excitation functions were measured, and the experimental 
fusion barrier distributions were extracted. 
Calculations of fusion barrier distributions for the Ni+Ni systems were made 
using the coupled-channels model. Despite including a wide range of multi-phonon 
couphng schemes, the experimental distributions could not be reproduced in detail. 
XI 
Xll 
This suggests the need to include transfer couphngs as well as phonon couplings in 
future calculations for all three reactions. More fundamentally, it shows that a full 
understanding of fusion barrier distributions has not yet been obtained, and more 
work, both experimental and theoretical, is required. 
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CHAPTER 1 
..ntroduction 
1.1 Brief overview of heavy-ion fusion research 
One of the most dramatic processes in nature is that of the fusion of atomic 
nuclei. Its understanding has imphcations ranging from cosmology [1], through 
creation of new elements [2, 3], to medical isotope production [4]. The complex 
phenomenon in which two nuclei interact and fuse together to make a stable 
composite system is not well understood in detail. In such a process two nuclei 
come together with sufficient kinetic energy to overcome their mutual electrostatic 
repulsion and form a new nucleus having charge and baryon number equal to the 
sum of those of the reactants. Classically, a particle can only overcome the potential 
barrier, called the Coulomb barrier or fusion barrier, generated by the electrostatic 
repulsion and the attractive nuclear potentials, when its kinetic energy exceeds the 
barrier height. However, nuclei are governed by quantum mechanics. This means 
that fusion can take place by quantum mechanical tunneling at energies where it 
would be classically forbidden. 
The penetration of this fusion barrier is a sufficient condition for fusion to 
occur in light and intermediate systems (e.g. projectile-target charge product 
ZyZt < 1600). In reactions forming heavy elements, the fusion mechanism is more 
complex, as after passing the barrier the di-nuclear system can re-separate without 
forming a compound nucleus [5 . 
In 1953, Hill and Wheeler [6] provided a simple model of the nuclear quantum 
tunneling phenomenon by approximating the shape of the barrier with an inverted 
parabola and using the WKB approximation. Their analytic expression (see 
1 
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section 1.3) for the tunneling probability resulted in an adequate gross description 
of experimental results for light systems (A < 200) at energies near and above the 
barrier [7 . 
Later in the 1970s and 1980s, technical developments allowed experimental 
measurements of cross sections for fusion of intermediate mass systems. The results 
at sub-barrier energies far exceeded simple quantum expectations [8, 9]. It was 
shown that the magnitude of the excess fusion is particularly sensitive to the 
structure of the interacting nuclei. The microscopic origin of this was made clear by 
Dasso et al through a theoretical breakthrough, by introducing the coupled channels 
theory for fusion [10, 11, 12]. They showed that the couplings cause the single fusion 
barrier to be effectively replaced by a distribution of barrier energies. 
Almost two decades ago Rowley, Satchler and Stelson [13] proposed that the 
distribution of barriers could be extracted directly from precise fusion cross section 
measurements through a simple and elegant mathematical transformation. Since 
the pioneering experimental work initiated at the Australian National University at 
the beginning of the 1990s [14, 15, 16], subsequent measurements of fusion barrier 
distributions have clearly shown characteristic features reflecting the couplings 
specific to the internal structure of the colliding nuclei, demonstrating a new richness 
in this phenomenon [17]. 
The current status of research in the fusion of heavy nuclei has the following 
unsolved issues: 
• The inability of theoretical models to describe the fusion process with a single 
unified theory from deep sub-barrier to above barrier energies. 
• The lack of knowledge about the nuclear potential required to explain fusion 
and other peripheral reaction processes at the same time. 
In order to help to bring some light to these issues, during the present work, the 
development of an innovative and powerful tool for fusion measurements has been 
completed. This new fusion product separator, SOLITAIRE, has been employed 
to measure fusion cross sections for a set of historically controversial systems. The 
measurements performed on the systems employing nickel isotopes as projectile and 
target ranged from above barrier to below barrier energies with precision better 
than previously obtained. 
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1.2 Fundamental concepts 
1.2.1 Total and partial fusion cross sections 
In the study of heavy-ion reactions one of the most important experimental 
observables is the fusion cross section. This cross section can be expressed as the 
sum over all partial waves (orbital angular momenta, which are classically related 
to the impact parameter) with contributions cr/ as follows 
oo 
afusion{E) = J 2 a i { E ) (1.1) 
1=0 
where I and E are the orbital angular momentum and the center-of-mass energy, 
respectively. The partial cross sections (determining the spin distribution) are given 
by 
ai {E) = ^ { 2 l + l )Ti {E) (1.2) 
where Ti{E) is the quantum-mechanical transmission probability through the fusion 
barrier for an orbital angular momentum Ih, and /x is the reduced mass of the 
projectile-target system. 
For many purposes, what is required is not the fusion cross section at a single 
energy, but its value as a function of energy. Such a function is referred to 
throughout this thesis as the fusion excitation function. 
1.2.2 Nucleus-nucleus interaction potential 
To determine the partial cross sections cr;, it is necessary to know the effective 
nucleus-nucleus interaction potential, for the Ith partial wave, consisting of the sum 
of Coulomb, nuclear and centrifugal terms 
Vl{r) = Vcoulomb{r) + VNuclearir) + Vcentrifugal{r) (1-3) 
where r is the internuclear separation. The Coulomb potential is 
Vcoulomb{r) = 
for r > Rc 
(1.4) 
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where Z and A are the proton and nucleon numbers of the target (t) and 
projectile {p). R^ = + Ay^) is the characteristic radius of the charge 
distribution, and n is the reduced mass of the system. 
The precise form of the inter-nuclear potential is not absolutely determined 
yet. However, its general features are well established: it is attractive and has a 
short range. The most commonly used form for the inter-nuclear potential is the 
phenomenological and mathematically simple Woods-Saxon description 
VNuclear{r) = ^^(r-R^) (l-^) 
1 -I- exp ^  ^ ^ ao 
where VQ is the potential depth. RN is the range related to the radius parameter ro 
1/3 1/3 according to R^ = rQ{A/ + Ap ), and qq is the diffuseness. 
Finally, the centrifugal potential, which is an effect of the orbital motion, is given 
by 
Vcentrifugal[r) = ^^^^ . (1.6) 
The Coulomb and nuclear components are illustrated in Figure 1.1(a), and 
barriers obtained for three different partial waves are illustrated in Figure 1.1(b). 
At / = 0, the potential has a local maximum at the radius RB- This maximum BQ 
(referred to as the Coulomb barrier or fusion barrier) appears due to the balance 
between the long range Coulomb and the short range nuclear forces. At smaller 
radial separations there is an attractive pocket in the potential which serves to trap 
the nuclei for fusion to occur. 
As the angular momentum increases (larger impact parameter) the barrier Bi 
increases and moves to a smaller radius RB (see Figure 1.1(b)). These /-dependent 
barrier parameters can be exactly calculated in terms of the derivatives of (1.3), 
i.e., the conditions 
1.2. Fundamental concepts 
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Figure 1.1: (a) The Coulomb and nuclear potentials, parts of the nucleus-
nucleus potential for I = 0, when summed, exhibit a local maximum (the 
fusion barrier) at the radius Rb- (b) A schematic illustration of the nucleus-
nucleus potential Vi{r) for different partial waves. 
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determine the barrier position RB, and Bi = VI{RB)- For small I values, the barrier 
height can be estimated as 
(1.8) 
1.3 One-dirnensional barrier penetration model 
In the classical picture, the interacting nuclei will only fuse if the kinetic energy 
of the system is enough to overcome the Coulomb barrier. This means, in terms of 
the transmission probability T/, a sharp cut off at a given energy Bi, i.e., 7] = 1 if 
E > Bi otherwise T/ = 0. 
Quantum mechanically, there is no sharp cut off; instead, there is a probability 
of the system tunneling through the barrier, even if the energy is lower than the 
barrier. Also, there is a probability for the projectile to be reflected from the barrier 
if the energy is higher than the barrier [18 . 
For a single or one dimensional barrier, the transmission probability can be 
evaluated for energies above and below the Coulomb barrier (WKB approximation 
191) as 
where Si is the action given by 
= (1.10) 
In this equation r^ and r2i are the inner and outer turning points for the Ith 
partial-wave potential barrier. 
There are several analytic approximations to equation (1.9). The approximations 
are based on the observation that barriers are nearly parabolic in shape. Thus, 
1.3. One-dimensional barrier penetration model 
barrier can be replaced by an inverted harmonic oscillator potential to obtain 
(1.11) 
The transmission probability can be calculated as [6] 
TiiE) = 
1 
1 + exp 2% huji {Bi - E) 
(1.12) 
where Bi denotes the barrier height for the Ith partial wave and oji is a measure of 
- / i Z K l the corresponding barrier curvature loi = \ J E x p r e s s i o n (1.12) is known as 
the Hill-Wheeler transmission coefficient. 
A further simplification can be made if we assume that the barrier positions 
and curvatures are independent of the angular momentum = i?^ ° = Rb and 
hwi = huo) and Bi as given by expression (1.8). Consequently, a formula for the 
cross section can be obtained by using the Hill-Wheeler transmission (1.12) in 
expression (1.2), and finally converting the sum in (1.1) into an integral. 
2E 
ln<l+ exp 
2n 
hujQ 
{E - Bo) (1.13) 
which is known as the Wong cross section [20]. Thus at energies well above the 
barrier, E » Bq, we recover the classical limit. On the other hand, well below the 
barrier, we can approximate it as an exponential function. Thus 
A{E) « < 
(1 - f ) 
Rthuio 2-k 
hu>o {E - BO] 
for E > 5o 
for E < Bo. 
(1.14) 
Therefore, according to the above expressions, a should be linear as a function of 
l / E for above barrier energies; and an exponential response of the cross section is 
expected for below barrier energies. 
This treatment of the cross section successfully describes the cross sections for 
light nuclei [21]. However, orders of magnitude of difference were found for heavier 
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systems at sub barrier energies, when compared with experimental data [8, 22, 23]. 
1.4 Multidimensional quantum tunneling 
Stokstad's measurements for I6o+i48,i50,i52,i54g^ [23] proved the dependence of 
the sub-barrier fusion probabiUty on the nuclear deformation of target nucleus. In 
addition to these, Beckerman's measurements for 58,64j_(.58,64^g^ 22] showed a 
marked enhancement of the fusion cross section at sub-barrier energies. The origin 
of these discrepancies has been found to be related to the structure of the interacting 
nuclei. 
An interesting theoretical approach was introduced by Dasso and Broglia among 
others in 1983 [10, 11, 24, 25] to study the effect of nuclear intrinsic degrees of 
freedom on the fusion cross section. This model consists in numerically solving the 
coupled channels Schrodinger equation that determines the wave function of the 
relative motion of the interacting nuclei. 
1.4.1 Coupled-channels formalism 
Currently, this model is the most accepted and used for low energy nuclear 
reactions. It is now well known that couplings to collective vibrations and/or 
strong sequential multi-nucleon transfer effectively results in a distribution of fusion 
barriers. Often, fusion cross sections and barrier distributions at energies near the 
barrier are explained by this model. Nevertheless, the description of the full energy 
dependence of this process (from well-above to well-below barrier energies) with a 
consistent set of potential parameters still remains a challenge [26]. 
An infinite number of channels has to be considered to solve exactly the 
theoretical problem. However, in practice, there is a limited number of channels 
with significant strength. Hence the inclusion of these channels in describing the 
fusion process should allow the coupled-channels model to explain the main features 
of the experimental data. The main effect of channel couplings is illustrated next 
using a simplified coupling scheme. 
1.4. Multidimensional quantum tunneling 9 
Two channel coupling problem 
In the simplest illustrative case we could consider a two-level model. Let us 
consider a case in which the entrance (elastic) channel 1 interacts with an excited 
channel 2 through a coupling form factor F ( r ) . In one dimension the coupled 
channel equations are [17 
tpi = F{r)tp2 
ip2 = F{r)ipi 
(1.15) 
where V i { r ) is the internuclear potential, E is the energy, and ipi and 't]j2 stand for 
the wave functions of relative motion in the entrance and excited state channels, 
respectively. Thus it is possible to decouple these equations by introducing 
^+ = 72(^1 + ^ 2) X - = ^ { i ^ i - (1.16) 
Then, the decoupled equations are 
x- = o 
(1.17) 
It is clear that the initial equations (1.15) have been decoupled into two simple 
equations with effective potentials B + ^ Vi + F and = Vi - F , respectively. 
Thus the coupling to another channel splits the potential barrier into two barriers 
around the original barrier, as illustrated in Figure 1.2. 
Finally the transmission coefficient for the original problem can be expressed in 
terms of the ones corresponding to the channels x+,- or eigenchannels. 
T { E ) = T , i E ) + T2{E) = - [ T ^ A E ) + T ^ . { E ) (1.18) 
At energies E below the barrier the penetrability depends exponentially on { E - B ) 
as given in equation (1.14). Thus the direct consequence is the enhancement of 
the penetrability T { E ) at energies below the uncoupled barrier, and a reduction in 
10 1. Introduction 
the penetration probability at energies above the uncoupled barrier as illustrated in 
Figure 1.2. 
Figure 1.2: Left: Split of the potential barrier by the coupling interaction. 
Right: Influence of the coupling interaction upon the transmission probabil-
ities; the dashed line corresponds to the unmodified barrier Bq and the full 
line is the result due to the presence of the coupling interaction. 
1.4.2 CCFULL coupled-channels code 
A realistic coupled-channels code, CCFULL [27], is used in the present work to 
calculate fusion excitation functions. Each reaction channel m is associated with a 
specific state of each nucleus. The coupled channels equations for the radial wave 
functions of the system, may be written as [17, 27 
dr^ 
mr) + en-E M r ) + ^nm{r )M{r ) = 0 (1.19) 
m^n 
where Vi{r) is the bare interaction potential (1.3). is the bombarding energy in 
the center mass frame and is the excitation energy of the ?7,th channel. A/„j„(r) are 
the matrix elements of the coupling Hamiltonian; diagonal elements of the coupling 
matrix are M„„(r), which are equal to enKm • The off-diagonal elements determine 
the coupling between the reaction channels (which have Coulomb and nuclear 
components) as defined by the collective vibrational and/or rotational models [28 . 
These matrix elements M„m(r) depend on the structure of the nuclei and can be 
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generated by introducing (e.g. for vibrational modes) a dynamical operator in the 
radius of the nucleus, 
R ^ R M + 0 ) (1.20) 
where RQ is the radius of the spherical nucleus and O is the dynamical operator 
(specified later) containing all the nuclear structure information (nuclear and 
Coulomb deformation parameters /d^''^}. 
The number of channels in the coupled-channel calculations can be reduced 
significantly by ignoring the change of the centrifugal potential barrier due 
to the multipolarity of the nuclear intrinsic excitation [29]. This assumption 
employed in CCFULL [27] is called the isocentrifugal, no-Coriolis or orbital sudden 
approximation. It can be justified because the interactions at the barrier typically 
involve changes in angular momentum of only a few h, which is small compared with 
the orbital angular momenta. Hence, the fusion cross sections are not significantly 
affected by this assumption. 
The stationary coupled channels equations (1.19) are solved by imposing the 
following boundary conditions on the wave-functions 
' ( -Z A;„(r')dr') r < 
^n(r) - (1-21) 
where ^kl{r) = E - en - [Vi{r) + Af„„(r)], kn is the local wave number for the 
nth channel, and the refiection and transmission coefficients in each channel are 
denoted by R„ and T„, respectively. H''/^ and are related to the Coulomb 
functions [27 . 
The first condition, known as the incoming wave boundary condition (IWBC), 
assumes that there are only incoming waves at r = Tmin, where rmin is taken to 
be as the radius of the potential pocket. For channels other than the entrance 
channels, only outgoing waves exist at large separation r^ax- The equations 
(1.19) are numerically integrated (for rmin < r < fmax) with a modified Numerov 
method [27]. 
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Coupling to harmonic vibrational modes 
Nuclear Coupling 
Let us now consider this approach apphed to the couphng of the relative motion 
to collective surface vibrations, where the vibration is approximated by a harmonic 
oscillator. This is important, as the most significant collective modes of the Ni 
isotopes studied in this work are quadrupole vibrations. Then, the operator O, 
used to calculate the coupling matrix elements of the Hamiltonian Mnrnif), is given 
by 
+ (1.22) 
v47r 
where A is the multipolarity of the vibrational mode, Px is the corresponding 
deformation parameter, R = and a^g, a^o are the corresponding phonon 
creation and annihilation operators. /3\ can be estimated from the experimental 
value for the transition probability between two phonon states B{E\) t through 
the relation 
4n /BjEX)^ 
Prom the expression (1.22) it follows that the matrix elements of this operator 
between the n-phonon state |n) and the m-phonon state \m) are given by 
Onm = -^R{^/rnKrn-l +y/nKm+l) (1.24) 
V 47r 
which must be employed to obtain the nuclear Hamiltonian coupling elements 
Mim\r). To obtain such matrix elements, we have to find first the eigenvalues 
of O, i.e., 0\q) = da\a) by diagonahzing the matrix O. Once this is done, the 
nuclear couphng matrix elements are then calculated according to 
Mi'Sir) = {n\VM{r,d)\m) -
(1.25) 
= - VN{r)6n,m 
The last term in this equation is included to avoid double counting of the diagonal 
elements. 
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Coulomb Coupling 
The Coulomb component of the couphng Hamiltonian is evaluated with the 
operator [30 
M(^\r) = Y ^ f f \ r ) d (1.26) 
A 
where f\ '{r) is also known as the Coulomb coupling form factor, defined as 
(C). , _ SZpZte^ R^ , . 
2A + 1 r^+i-
With the operator O as defined previously (see equation (1.22)), and following 
the same procedure as for the nuclear coupling Hamiltonian, we can calculate the 
Coulomb coupling matrix elements MnJir ) as 
Mi^'Jir) ^ {n\Vc{r,d)\m). (1.28) 
The code CCFULL uses the linear coupling approximation for the Coulomb couphng 
of the vibrational degree of freedom. Then, the coupling matrix elements are taken 
as 
A C H r ) = + v / ^ W i ) . (1.29) 
Finally, the total coupling matrix is given by the sum of the nuclear and Coulomb 
coupling, Mnmir) = MLm\r) + 
These considerations are valid for excitations in the target and the projectile or 
both, by considering an operator for each nucleus ( Of and Op). 
1.5 Effects of transfer channels on fusion 
Experimental data [31, 32, 33, 34, 35] show that nucleon transfer affects the 
fusion process. However, a quantitative understanding within a quantum mechanical 
model has not been achieved. Beside the couplings to the low-lying collective 
excitations, the significance of other reaction channels, such as nucleon transfers, in 
affecting the fusion process at energies around the Coulomb barrier is not so clearly 
established [36, 37, 38 . 
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It has been experimentally possible to observe up to six-nucleon transfer at 
sub-barrier energies [39]. However, there is still no successful and clear systematics 
explaining how it may affect fusion in the presence of nuclear vibrations. 
Signatures of positive Q-value transfer reactions can also be identified in fusion 
barrier distributions. By comparing the barrier distributions for the 
and reactions, the effect of the neutron-stripping channel in the second 
reaction becomes evident in the barrier distribution [40 . 
In fusion reactions of identical nuclei there are a number of interesting effects 
magnified by the existence of only even partial waves. For example, the fusion 
cross sections for several light heavy-ion (i^C+'^C, i^C+^^C and i^O+^^O) systems 
posses an oscillatory structure as a function of energy [41], while for heavier systems 
as there is no clear evidence of such effect [42]. Later, Christley et al. [43 
showed that elastic transfer [44] has a signature in the barrier distributions even 
when there is no visible oscillatory structure in the cross section. 
In the particular case of the system, Broglia et al. [45] attempted 
to explain the fusion cross section including the two-neutron transfer reaction, 
of positive Q-value, and encouraged experimental work to be carried out in this 
respect. Some time later, transfer cross sections were measured in the vicinity of the 
barrier by Wiggins et al. [46] for ^^-^^Ni+^^Ni, and Rehm et al. [47] for ^^Ni+^^'^^Ni. 
Wiggins et al. [46] and Rehm et al. [47] both found that for the system 
In transfer channels are weak relative to fusion, the In-pickup channel {Q = —3.22 
MeV) is somewhat lower than the near-barrier fusion cross sections, whereas for 
the system, the In-pickup channel {Q = —0.66 MeV) is comparable to 
the fusion cross sections at near-barrier energies. Esbensen and Landowne [48] have 
studied the effects on fusion of one neutron transfer, successive neutron transfers and 
direct two neutron transfer channels. Their work shows the crucial role of transfer 
processes in fusion at low energies. 
Pair-transfer coupling between the ground states can be included in the code 
CCFULL. This code uses the macroscopic coupling form factor for transfer between 
the ground states of the nuclei, given by [49 
Ftrans{r) = (1.30) 
ar 
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where Ffr and VN are the couphng strength and the nuclear potential, respectively. 
1.6 Distribution of fusion barriers 
As discussed above, the couplings to various channels effectively give rise 
to a distribution of barrier heights. The technique of extracting experimental 
fusion barrier distributions from precisely measured fusion excitation function was 
proposed by Rowley et al. [50]. The basic idea can be easily understood using the 
Hill-Wheeler transmission probability and the resulting expression for fusion cross 
section (equation (1.13)) which can be re-cast as 
;i.3i) 
^ ^ In [1 + e^  
where RB takes its value at the fusion barrier radius BQ, and x = Then, 
the first and second derivatives are 
1 d{Ea) 1 1 
7ri?| dE l + e^ To{E) 
where To{E) is the transmission probability for (see equation (1.12)) 
1 ^^ ^ G i E - B , ) . 
TTRI dE^ hioo (1 + e^)2 
If we compare these results with the classical limit as h^ 0, we have 
0 
Ea = 
for E < Bo 
7tRl{E-Bo) f o r E > 5 o 
(1.32) 
(1.33) 
;i.34) 
1 d{Ea) 
•KRI dE 
0 for E < Bo 
1 d\Ea) 
TTRI dE^ 
1 for E > Bo 
= S{E-Bo). 
(1.35) 
(1.36) 
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Prom the expression (1.35), it is clear that the first derivative of the product 
of the cross section and the center of mass energy, d{Ea)/dE, is proportional to 
the classical transmission probability for the one dimensional barrier. The second 
derivative returns a single barrier for E = Bq. 
If instead of a single barrier, a continuous distribution of fusion barriers denoted 
by D{B), is encountered then the fusion cross section will be given by [51 
a{E) = J a{E,B)D{B)dB (1.37) 
where a{E, B) is the cross section, summed over all I for the barrier B with a 
probability D{B). Assuming all the barriers can be approximated as parabolic 
barriers, then 
1 d'^{Ea) 
irRl dE^ 
= J G{E - B)D{B)dB. (1.38) 
Again taking the classical Hmit of (1.38), we obtain the analogous expression 
1 d^Ea) 
ttRI dE^ 
= J S{E - B)D{B)dB = D{E). (1.39) 
Thus the correlation of the second derivative of Ea with the distribution of barriers 
is clear. Due to quantum tunneling which translates 6{E — B) to G{E — B), one can 
measure D{B) with a resolution of « 0 . 5 ^ [50] where hw is the oscillator energy 
(hio « 4 MeV) corresponding to the top of the barrier. 
Advantage of barrier distribution analysis 
The barrier distribution reveals the major couplings acting at the near barrier 
energies, which are often hidden in the excitation function. This was demonstrated 
in a pioneering experimental work, by Leigh et al. [16], who showed that the 
barrier distribution extracted from very accurate fusion data {Sa ~ 1%), from 
the reaction are sufficiently well-defined even to see the effect of the 
hexadecapole deformation {(3^). This can be observed in Figure 1.3 which compares 
the limited barrier distribution extracted from less precise data (panel (a)) with the 
detailed information that can be extracted from the barrier distribution obtained 
from precision data (panel (b)). 
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Figure 1.3: The experimental fusion barrier distributions (P{Eafus)/dE'^ 
for (a) extracted from data measured by Stokstad et al. [23] 
with uncertainties of Sa ~ 10%, and (b) extracted from a more precise set 
of data measured by Leigh et al. [16] with da ~ 1%. The lines correspond 
to the theoretical predictions including positive (solid line), negative (dotted 
line) and zero (dashed line) hexadecapole deformation parameters, with the 
same positive quadrupole deformation for the ^^ '^ Sm nucleus. 
1.7 This work 
As mentioned in the previous sections, the coupled channels theory was 
introduced in the 1980s to explain the dynamics of nuclear fusion, and the 1990s 
witnessed the experimental realization of the barrier distributions from fusion data 
which confirmed and further developed theoretical concepts of fusion. These two 
major breakthroughs show the importance of highly precise experimental fusion 
data. Such data are needed to test theories and models at the level of been able to 
interpret the features revealed by the second derivative ( f {Eafus) /dE'^. Inspired by 
this need, the novel fusion product separator, SOLITAIRE, was developed with the 
aim of extending our understanding of nuclear fusion phenomena. 
In this PhD thesis, the characterization and optimization of SOLITAIRE, as 
well as the development of methods for collection and analysis of precise data, were 
successfully achieved. 
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Parallel to this project, the code SoliX has been developed by another member 
of the group, and its predictions have been contrasted and verified during this work 
with experimental data collected with SOLITAIRE. Through these experimental 
and predicted data, charge state calculations for ions interacting with low pressure 
hehum gas have been performed, and the correct average charge state value has 
been determined for several evaporation residues. 
1.7.1 Ni+Ni reactions 
The 58]\^ j_|_58,60,64]s^ j reactions were chosen to be measured in the present work 
for a number of reasons. 
The collectivity of the low-lying excited states of the closed proton shell nickel 
isotopes (^^Ni, ®°Ni and gives an excellent opportunity to investigate the role 
of multi-phonon couplings on the fusion process around the fusion barrier. As 
mentioned in the previous section, the influence of the most important couplings 
can be revealed through the fusion barrier distribution. Therefore, highly precise 
fusion data is crucial to carry out such analysis. 
Furthermore, as detailed in the next chapter, the symmetric and near symmetric 
reactions at energies around the Coulomb barrier are the most challenging cases to 
test the effectiveness of SOLITAIRE, the novel ANU spectrometer, in separating 
the intense background of elastically scattered particles from the fusion products. 
In testing the device, it is an advantage that the barrier distributions are 
expected to show discrete barrier structures, as shown for the reaction 
experimentally studied by Stefanini et al. [52]. The measured structure in the fusion 
barrier distribution appeared to be successfully described in terms of multi-phonon 
couphngs. Beckerman et al. have reported experimental data for and 
58isjj_|_64]vj- jj^  references [8] and [22], respectively. Neither of these can be used to 
extract a complete experimental fusion barrier distribution. The reasons for this 
are (i) the energies measured do not span the entire barrier region in closely spaced 
steps, and {ii) the fusion excitation functions do not have the required precision 
for such analysis. However, those measurements carried out in the early 1980s 
were extremely valuable. They were the starting point for the application of the 
coupled-channels framework to describe nuclear fusion. 
CHAPTER 2 
SOLITAIRE: A New Generation Nuclear 
.^usion Product Separator 
Following fusion, the excited compound nuclei (CN) de-excites by evaporation 
of neutrons, protons and alpha particles leaving an evaporation residue. For heavy 
CN and/or at high angular momenta fission is a competing decay mode. For the 
CN systems studied in this thesis the fission decay mode starts becoming significant 
only at the highest energies well above the barrier. 
Evaporation residue (ER) cross sections can be measured most directly by 
detection of the ERs themselves. Since they are peaked at forward angles, 
they must be physically separated from the direct beam and the intense flux of 
elastically scattered beam particles. Separation can be achieved using electric 
and/or magnetic fields, and a variety of devices employing such techniques have 
been developed in the past [53, 54]. Worldwide there are many devices using 
magnetic dipoles, quadrupoles, hexapole and gas filled deflectors to separate 
heavy-ion reaction products [54]. However, not all these devices are suitable for 
the high-precision measurements needed to obtain fusion barrier distributions [17], 
which ideally require large angular acceptance combined with low background and 
very well-defined high efficiency. 
To enable separation and detection of evaporation residues following fusion of 
heavy nuclei, a superconducting solenoid for in-beam transport and identification 
of recoiling evaporation-residues, called SOLITAIRE, has been developed at the 
Department of Nuclear Physics of the Australian National University [55, 56 
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Solenoids have good focusing properties with small geometrical aberration effects 
57, 58]. This, combined with a large acceptance solid angle, make solenoids an ideal 
separating element for ERs. SOLITAIRE is the only device based on a solenoid 
which enables high precision measurements of ERs produced in heavy-ion reactions, 
by virtue of its large solid angle, high transmission and high detection efficiency. 
A substantial part of this thesis has been dedicated to (i) the operational 
development and optimization of SOLITAIRE, and (ii) finding the best method 
for clear identification of ERs. This device has been successfully used to measure 
ERs for fusion of the mass-asymmetric '^^ S-I-^ ^Y reaction and for the technically very 
challenging case of the mass-symmetric fusion of nickel isotopes, which is discussed 
in Chapters 3 and 4. 
The optical properties of a finite solenoid are well understood [58, 59, 60]. In 
the following sections a description of the focusing properties and essential features 
of the detecting system is presented. At the end of the chapter, SOLITAIRE is 
compared with other existing separators. 
2.1 Principle of operation 
Motion of a charged particle in an infinite solenoid 
First let us consider the simple problem of a charged particle with charge q 
moving in a uniform magnetic field B generated by an infinite solenoid oriented in 
the 2 direction. 
The magnetic force is given by 
F=q{vxB). (2.1) 
Since F is perpendicular to the plane formed by V and B, this magnetic force 
changes the direction of the velocity but not its magnitude. 
In general, the velocity V of a particle leaving the axis with a given angle 6 can 
be decomposed into axial (v^) and radial [vr) components. Hence it can be derived 
from equation (2.1) that the particle experiences no net force in the direction of 
the motion parallel to B . However, as the particle has a radial component of the 
velocity, Vr, it will experience a magnetic force F = qVrB^, pointing in the direction 
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normal to the plane formed by Vr and B^. As a result of this force, the particle will 
experience uniform circular motion in plane perpendicular to the axis. The rate of 
change of the particle's velocity vector is the centripetal acceleration a = vllp. 
The radius of the circular path is determined by the condition that the magnitude 
of the magnetic force equals the centripetal force 
D /o o^  qvrB^ = (2.2) 
from which 
MVr , . (2.3) 
qBz 
where M is the mass of the charged particle. 
This circular motion coupled with the constant velocity Vz along the axis of the 
solenoid causes the particle to follow a helical trajectory. 
Focusing ions using a finite solenoid 
If we consider a more realistic case, where a charged particle moves in the 
magnetic field generated by a finite solenoid, fringing field effects have to be 
considered. 
For a particle entering and exiting a finite solenoid, the radial component of 
the magnetic fringing field plays a significant role in the optical properties of the 
solenoid. Off the z-axis, the axial component of the velocity of the particle v^ will 
be modified by the radial component of the magnetic field, causing the particle to 
be focused at certain position on the 2-axis. The fringing field of the solenoid brings 
the charged particles back onto the axis at the image position acting like a lens, 
which is not the case for the axial field alone. 
The similarities between optical and magnetic lenses were recognized in 1926 
61, 62], when Busch compared analytically the focusing properties of both types 
of lenses. Since then, magnetic lenses have been investigated both theoretically 
and practically. For simplicity, a representation of the trajectories can be given by 
describing the focal length for the charged particles. Busch showed that for a thin 
lens the focal length / can be expressed in terms of the momentum p, the charge q, 
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and the magnetic field component along the axis ^^(z) 
/ 1 f+oo ^ y / D2 Bl{z)dz f J_ 
Using the paraxial ray equation, the above expression is simplified to [60, 63] 
(2.4) 
f 4p2 
(2.5) 
where L is the effective length of the solenoid and Bj^ is the average value of the 
square of the axial component of the magnetic field B^. Thus a short solenoid acts 
as a thin converging lens. 
Target 
Detector 
Solenoid 
Figure 2.1: Trajectories of a charged particle through a finite solenoid is shown 
decomposed in its (a) longitudinal and (b) transversal paths. 
In SOLITAIRE, the solenoid is 60 cm long, which is comparable to the ER 
focal length ( ~ 40 cm) and thus it is strictly speaking not a short solenoid. Thus 
trajectories need to be determined using a realistic calculation based on the direct 
numerical integration of the equations of motion for the charged particle [60, 59 
r = -^rOB, + re^ 
M 
M 
r9 + 2fe= ^{zBr-fB,) 
M 
(2.6) 
(2.7) 
(2.8) 
where r, 9 and 2; are the cylindrical coordinates, shown in Figure 2.1, (r, rO, z) and 
(r, rO + 2f0, z) are the velocity and acceleration, respectively. Solutions of these 
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differential equations and ray tracing calculations [64, 65] were used to analyze 
and simulate the ion orbits. The former calculations permit the determination of 
transmission curves, image size and location, image aberrations and the axial and 
radial dispersion. 
It can be inferred from equation (2.5) the solenoid, being charge dispersive, will 
cause a spatial separation of the trajectories of ions with different charge states. 
Thus, elastically scattered particles and ERs which emerge from the target with 
the same momentum p but different charge states are spatially separated. Due to 
interactions with the thin target the ERs and elastics emerge with a distribution 
of charge states (see Figure 2.2(a)), which can overlap, giving overlapping position 
distributions. 
Target 
Solenoid 
Detector 
(b) 
Target 
Solenoid 
Detector 
Figure 2.2: Schematic figures of (a) trajectories of ions with different charge 
states in a magnetic field in vacuum, (b) trajectories in gas-filled mode de-
scribing the path corresponding to a mean charge state q. 
If the magnetic field region is filled with a dilute gas medium, the ions undergo 
frequent collisions with molecules of the gas. As result of these colhsions, the ions 
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undergo changes in their charge state (by loss or capture of electrons) [66, 67, 68, 69]. 
After a small number of collisions, the charge distribution approaches equilibrium. 
Hence, the ions effectively converge to a mean trajectory determined by the mean 
value of the charge state [70], see Figure 2.2(b). The equilibrium mean charge state 
{q) in gas can be described approximately as [71] 
(2.9) 
vo 
where Z is the atomic number of the particle passing through the gas and 
Vo = 2.19 X 10® m/s is the Bohr velocity. Therefore, ERs and elastically scattered 
particles will in general have different trajectories and will be focused at different 
positions on the axis (see equation 2.5). Thus, the difference in average charge states 
of the ERs and the elastics in gas at low pressure is the key to separate ERs from 
elastics. 
2.2 Basic features of SOLITAIRE 
An external view and a cross section of SOLITAIRE are shown in Figures 2.3 
and 2.4, respectively. The superconducting solenoid, at the core of SOLITAIRE is 
enclosed in an iron shield and can produce a magnetic field of up to 6.5 Tesla (T). 
Three main classes of particle enter the magnetic field region: the primary 
beam, the elastically scattered beam particles and the ERs. The primary beam 
1.5 mm diameter) enters the target chamber, passes through the target and 
is stopped in a 5 mm diameter Faraday cup (FC) placed at the entrance of the 
cryostat (see Figure 2.4). The elastically scattered beam-like particles and the ERs 
continue on their trajectories into the magnetic field region, returning to the axis 
at a distance determined by their average charge state. 
The extremely intense background of small angle elastically scattered particles 
is prevented from reaching the position sensitive multiwire proportional counter 
(MWPC) detector by a set of axial blocking discs placed close to the end of the 
solenoid. 
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Cryostat 
(housing the solenoid) 
Target chamber 
Beam 
entry 
Figure 2.3: External view of SOLITAIRE. 
The ERs, due to their lower average charge state, are focused beyond these discs 
and enter the MWPC. The ions have a flight path between 1.35 and 1.95 m, and are 
identified by their time of flight with respect to the beam pulse and their energy-loss 
signal in the detector. 
2.2.1 Target chamber and gas cell 
The target chamber, shown in Figure 2.3, houses the entry foil and the target 
ladder. The entry window, consisting of a 15 to 65 ng/cm^ ""'C foil, is placed at the 
entrance of the target chamber to separate the high vacuum of the accelerator from 
the gas filled solenoid. Up to six targets can be mounted on a target ladder, which 
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Figure 2.4: A schematic cross section view of SOLITAIRE with a represen-
tation of the radial component of the trajectories of the ERs and elastically 
scattered particles. 
is moved using an external motor. The target ladder can be driven to a sealed small 
cylinder which can be let up to air or evacuated independently of the rest of the 
device. Thus the targets can be replaced without bringing the whole system up to 
atmospheric pressure. 
The target chamber connects to the nose cone (detailed in the next section), 
which is connected to a 20.5 cm diameter and 75 cm long aluminium alloy cylinder 
attached to the exit end of the cryostat. The target chamber, nose cone and the 
cyhnder form a single gas cell filled with low pressure gas. A gas flow system 
continuously renews the gas keeping it at constant pressure. 
2.2.2 Iron yoke and nose cone 
The solenoid is housed in a soft iron shield (see Figures 2.4 and 2.5) which 
provides a low impedance return path for the magnetic field, thus reducing the field 
outside the solenoid to only some tens of Gauss. An iron cone at the entrance of 
the solenoid near the target forms a part of the shield. The cone shields the target. 
2.2. Basic features of SOLITAIRE 27 
—1— 
Figure 2.5: Calculation of the magnetic field lines for ^ 5 T generated 
by SOLITAIRE, and their modification by the presence of the iron yoke and 
nose cone. This illustration corresponds to Figure 2 from reference [55]. 
the elastically scattered particles reaching the monitor detectors and the monitor 
detector themselves from the magnetic field of the solenoid. 
For normalization purposes, four monitor detectors are symmetrically located in 
separate small chambers machined in the iron cone. These cavities house a support 
for an anti-scatter collimator and a monitor solid angle defining aperture which can 
be easily interchanged for different sizes of apertures. The apertures and monitors 
are centered at 18° with respect to the beam axis. As a result of the cone the 
maximum magnetic field in the cylindrical apertures is around 15 G, while the field 
in the surrounding iron is about 10"^  G. Such a cone cannot be used (and is not 
necessary) at the other end of the solenoid, since in some cases the desired fusion 
products may exit the solenoid with their focus at infinity (i.e. trajectories parallel 
to the axis of the solenoid). 
The maximum angular acceptance of the system, 6' = ± 9.5°, is determined by 
the entrance aperture of the nose cone. 
2.2.3 The solenoid 
The superconducting solenoid was manufactured by Cryogenic Ltd. (UK), and 
has an inductance of 150 H. It is designed to operate up to a maximum central 
field of 6.5 T at 4.6°K for a current of 137 A. It consists of a 60 cm length 
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superconducting coil, cooled by a cryocooler with a base temperature of 3.2°K. 
The coil is mounted in a vacuum enclosure and shielded by a 50° X cryocooled 
superinsulated radiation shield. The coil is aligned such that the field uniformity as 
a function of angle around the central axis is achieved. A switch connected across 
the coil enables operation in the superconducting persistent mode. 
The axial and radial positions of the cryostat, inside the iron shield, can be 
adjusted by an external set of screws. The axial movement allows the elimination 
of out of balance forces on the solenoid. This alignment is performed by measuring 
the forces between the cryostat and the iron shield. The adjustment of the 
radial position enables the alignment of the magnetic axis of the solenoid with 
the geometrical axis of the iron shield (the same as the beam axis). 
2.2.4 The Faraday cups 
Two different Faraday cups (FC) are used in beam tuning and operation of 
SOLITAIRE. A movable FC located on the target ladder is used to initially optimize 
the beam along the central beam axis. Next, a thick Ta aperture with 1 mm 
diameter hole in its center is placed at the target position. The beam is then 
optimized by maximizing its transmission though the 1 mm hole into the 5 mm 
diameter Faraday cup. This small FC is located at the entrance of the solenoid and 
is held by two crossed 50 /xm tungsten wires. The FC subtends an angle of ±0.45° 
which can be enlarged by the use of rings of different diameter (e.g. 7.5 mm and 
10.0 mm). The ring is held by the wire strung cup itself. The wire strung cup 
suppresses the most significant source of undesired particles. 
2.2.5 Blocking discs and rod 
Beam particles scattered to angles greater than 0.45° pass the FC and travel 
through the solenoid. Due to their higher average charge state compared with the 
ERs, the elastically scattered particles have a shorter focal length. Thus, the number 
of elastically scattered particles reaching the MWPC detector can be minimized, 
whilst maintaining good ER transmission, by placing blocking discs on the axis of 
the solenoid (Figure 2.4). 
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The 12 mm diameter discs are placed on a 25 cm long rod which is supported 
by cross wires of two 0.1 mm stainless steel wires. The discs can be moved to 
any position on the rod or removed completely, depending on the needs of the 
experiment. 
In order to determine the optimal magnetic field and position for the discs, the 
trajectories for the ERs, as well as for the beam-like particles are simulated using 
the code SoliX [65 . 
2.2.6 Detectors 
After traveling through the magnetic field region, the reaction products that 
make their way to the end of SOLITAIRE encounter one or more detectors. Two 
main types of detectors are used in the device, proportional counters and sihcon 
solid state detectors. The detectors can be placed at different positions, between 60 
and 128 cm from the center of the solenoid, where they are not affected by intense 
magnetic fields. At the detector positions the maximum field is estimated to be 
10 G on the axis. 
Position sensitive multiwire proportional counters 
The position sensitive multiwire proportional gas counter (MWPC) detector 
specifically built at the ANU for SOLITAIRE, shown in Figure 2.6 , is an adaptation 
of the MWPCs used in the CUBE detector array [72]. It consists of two position 
sensitive wire grids (one aligned horizontally and one vertically) separated by 6 mm, 
and a central foil in the middle plane. Each grid is formed by 200 parallel 20 iim gold 
coated tungsten wires (anodes) and provides the X and Y position of the detected 
particles. The cathode consists in a 0.7 /xm polyethylene therephthalete (PET) foil 
coated with 40 ng/cm^ of gold deposited on both sides. The foil is electrically 
divided into three strips to reduce its capacitance and increase the signal size. The 
detector is filled with 4 Torr of propane, which is continuously flowed to prevent 
buildup of contamination from out-gassing of the detectors or ionization-damaged 
molecules. A 0.7 //m PET foil placed at the entrance of the detector serves to 
contain the gas. The main detectors used in SOLITAIRE are position sensitive 
multiwire proportional gas counters (MWPCs). 
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Figure 2.6: Section diagram of the multiwire proportional counter (MWPC) detector. 
The propane gas molecules within the detector are ionized by the passage of 
ions produced in the reaction. A negative voltage is applied to the cathode (central 
foil). This voltage causes an electric field which accelerates the electrons created 
by the primary ionization, giving secondary ionization and considerable signal 
ampHfication. Particles which pass through the gas lose energy according to the 
Bethe-Bloch equation [73]. The positive signal induced on the cathode provides 
energy loss and time information for each particle, which in combination with the 
pulsed beam gives the time of flight of the particle. 
The main advantages of the proportional counters are the good position 
sensitivity and linearity, large area acceptance (315 cm^) and the high count-rate 
capability. The detection efficiency of the M W P C is 98 %, due to the position wires 
of the first grid blocking 2 % of the detection area. 
Typical spectra acquired with this detector are shown in section 3.5, where the 
different configurations of detectors are also discussed. 
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Silicon detector 
A silicon detector can be used in SOLITAIRE if it is desirable to measure the 
total energy of the particles or the energy of the a particles from the a active ERs. 
The silicon detector can be mounted on axis in SOLITAIRE either on a movable 
arm in front of the MWPC or placed behind the MWPCs. The former allows a 
quick change of detector configuration without breaking vacuum in the detector 
chamber. This feature allowed different detector configuration to be tried within 
the same experiment in just a couple of seconds. As the detection area of the Si 
detector (with an active area of 5 cm by 5 cm) is smaller than the MWPC, it must 
be placed close to the focus of the particles of interest. 
When a particle is detected, the detector provides signals corresponding to the 
total energy E and the time of flight TOP with respect to the beam pulse of the 
particle. A typical spectrum acquired with the Si detector is shown in the next 
chapter in section 3.5.3. 
If the detector is placed behind the MWPC then the TOF of the particles can 
be obtained from both the MWPC and Si detectors. By using the time signal from 
each detector and the total energy deposited in the silicon detector, the velocity of 
the particles can be determined, which is a very useful information for some studies. 
Silicon detectors are widely used owing their excellent energy resolution, linear 
response to the energy of the charged particles, compact size, wide range of thickness. 
On the other hand, the detector performance is degraded after its exposure to intense 
radiation [74 . 
2.3 Applicability and limitations 
The efficiency of the solenoid for a given reaction is determined by the acceptance 
bandwidth in magnetic rigidity Bp, and the separation achieved between the 
elastically scattered particles and ERs. Evaporation residues from most of the 
reactions of interest can be transported to the detector with a magnetic field up 
to 6.5 T. The range of fusion reactions for which the solenoid was planned to be 
used is shown in Figure 2.7. They lie in the unshaded region on the right hand side of 
the thick dashed line, which is the boundary between normal and inverse kinematics 
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Figure 2.7: Plot of the compound nucleus charge {ZCN) versus projectile 
charge {Zp). The thick dashed line represents the boundary between the nor-
mal and inverse kinematics reactions. The solenoid can be used for detecting 
ERs from normal kinematics reactions which lie in the region on the right 
of the dashed line. A circle shows where the main systems measured in this 
work lie, working at the boundaries of its applicabihty. 
reactions. As already mentioned, since momenta of the ERs and elastically scattered 
beam-like particles are almost identical, their spatial separation is mainly due to the 
differences in their charge state, i.e. 
Sf 
f 
SJ 
2q-
(2.10) 
If the average charge states for elastically scattered beam-like particles and ERs 
are substantially different 30%), as would be the case in asymmetric reactions 
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(e.g. 32S+89Y, I-J^ g separation between the elastics and ERs is easily 
achieved. On the other hand, the challenge resides in symmetric reactions induced 
by heavier projectiles {A > 55), where both types of particles (elastically scattered 
particles and ERs) have a similar magnetic rigidity. The work in this thesis is 
centred around developing methods to enable the study of such reactions with 
SOLITAIRE. The following chapters treat in detail the experiments performed to 
study the systems 58]vjj_|_58,60,64]s^ j g^ .^ gngj-gies around the average fusion barrier with 
enough precision to obtain well-defined fusion barrier distributions. 
Apart from the measurement of evaporation residue cross sections, SOLITAIRE 
with its high acceptance automatically lends itself for use in coincidence 
experiments. The device can potentially be used to separate the fission fragments 
from evaporation residues, which makes it particularly attractive for 7-ray 
spectroscopy in the region where fission is one of the competing decay modes of the 
compound nucleus. Other possibilities include implanting the recoiling nuclei into a 
detector or substrate. The former allows the study of exotic nuclei and reactions by 
studying the decay of implanted nuclei. The latter is useful for solid-state studies. 
2.4 Solitaire compared with other devices 
In the past dipoles, quadrupoles and other magnetic devices have been 
commonly used for separation of ERs in nuclear studies. In the last two decades, 
superconducting solenoids have been introduced to this field. They have been used 
in reactions of light ions such the magnetic spectrometer at Orsay [75], SOLENO. 
Solenoids have also found increasing use in production of radioactive ion beams, for 
example TwinSol [76], BigSol [77] and RIBRAS [78]. However, these examples were 
planned, designed and developed to produce low energy radioactive nuclear beams, 
rather than to make high precision measurements of fusion cross sections. 
Since SOLITAIRE was specifically designed for separation of ERs proceeding 
from stable heavy-ion reactions, a comparison with other devices used for detection 
of heavy ERs is more appropriate. 
Successful heavy-ion reaction product separators using electromagnetic fields are 
SHIP at GSI [82], FMA at Argonne National Laboratory [80, 81] and RITU at the 
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Table 2.1: Devices successfully used to separate ER from elastics and their 
components, solid angle, target-detector distance and reference. The compo-
nents are stated as: D: dipole, Q: quadrupole, H: hexapole, E^: electrostatic 
deflector, S: solenoid. 
Device Components dri (msr) Flight Path (m) Reference 
SHIP DQEd 4 11 [79] 
FMA DQ 6.25 8.2 80, 81] 
RITU DQH 10 4.7 [68 
SOLITAIRE S 86 1.8 Present Work 
University of Jyvaskyla [68]. Some properties of these ion separators are given in 
table 2.1. The superior angular acceptance of the solenoid as well as the shorter 
flight distance of SOLITAIRE is evident. The larger sohd angle is an essential 
feature for efficient measurements of fusion cross sections as it ehminates the time 
consuming measurement of ER angular distributions. The shorter flight path allows 
7-spectroscopy studies of short lived nuclei which is one of the main research pursuits 
of the Department of Nuclear Physics at the ANU. 
CHAPTER 3 
-A xperimental Methods 
3.1 Introduction 
The goal of this work has been to develop detection techniques for measuring 
evaporation residues using SOLITAIRE, and ultimately obtain precise fusion 
excitation functions. 
This chapter describes the experimental methods, including details of the 
beam, targets, beam tuning procedures, as well as the detection techniques and 
identification methods. The experimental results and the corresponding analysis 
are given in the following chapters. 
3.2 The ANU 14UD Accelerator 
The provision of a stable beam with reliable beam optics and good energy 
definition are crucial for the optimum performance of SOLITAIRE and for precision 
measurements of fusion excitation functions. These requirements are fulfilled by the 
HUD ANU accelerator. In this section, a description of the beam production and 
its properties is presented. 
3.2.1 Beam production 
The experiments reported in this thesis were performed using the HUD Tandem 
Van de Graaff accelerator at the Department of Nuclear Physics, ANU. The 
accelerator was operated up to 15.5 MV terminal voltage to obtain beams in 
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the energy range of 165 MeV - 250 MeV for a range of experiments. A schematic 
layout of the accelerator with its major components is shown in Figure 3.1. 
The Multi Cathode Source of Negative Ions by Caesium Sputtering (MC-SNICS) 
[83, 84, 85] produces negative ions, which are then pre-accelerated to an energy of 
150 keV to match the entrance optics of the accelerator. The ions are selected in 
mass by a 90° injection magnet. This injected beam of negatively charged ions gains 
energy as it is accelerated towards the positively charged high-voltage terminal. The 
energy in MeV in this region is equal to the terminal potential U in MV times the 
charge of the ion e 
E = eU (3.1) 
Then these energetic ions go through a carbon foil or a low-pressure gas where 
electrons are stripped off due to the collisions with carbon or gas atoms. This 
results in a distribution of positive charge states [70]. The most intense charge 
state depends on the energy of the incident ions and can be evaluated from the 
semi-empirical formula [70, 86] 
g = Z(1 + (3.2) 
where E is in MeV and M is the atomic mass number. The positively charged ions 
are then accelerated away from the terminal towards the bottom of the accelerator 
which is at ground potential. The energy after the second acceleration phase for the 
ions in the charge state q and terminal potential U in MV is then 
Eseam = {I + q)eU ( 3 . 3 ) 
There is a particular charge state q which is the most abundant for a certain 
terminal voltage. The voltage corresponding to this charge state may exceed the 
limit for our accelerator. Then higher energies can be achieved by selecting higher 
(but less abundant) charge states, the ion yield decreasing correspondingly. An 
alternative method to obtain higher charge states, and therefore energies, with lower 
voltage is by using a second carbon stripper foil part-way along the second stage of 
acceleration. 
Since the energy of the ions is higher at this point than at the first stripper, the 
average charge state of the ions emerging from the second stripper is higher than 
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Pre-acceleration 
Figure 3.1: Schematic diagram of the MUD ANU accelerator. 
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those from the first stripper. The energy of the ions after double stripping is given 
by 
EBeam = (1 + 0.343gi + 0.657q2)eU (3.4) 
where gi and q2 refer to the charge states after the first and second stripper foil, 
respectively. 
Ions exiting the accelerator have a range of energies consistent with the charge 
state distribution of ions emerging from the stripper. The energy selection is done 
using the 90° analyzing magnet. The magnetic field is set such that ions of the 
desired energy pass through the image slits to the experimental areas. The magnetic 
field is measured with a nuclear magnetic resonance probe. This allows the energy 
of the analyzed beam to be calculated using the relativistic expression [87] 
E ^ C B ' 1 + ^ ] (3.5) 
\ M J \ 2Mc^J ^ ^ 
where C is the magnet constant, B is the magnetic field strength, Zeff is the effective 
charge of the particle and M is its mass, and [E/Mc^) is the ratio of its kinetic 
energy to rest mass energy. 
The magnet constant C and the field are calibrated every few years using 
the fields corresponding to mass-energy products ME/Z^j^ for the 14.231 MeV 
resonance in the ^^C(p,a)®Be reaction [87]. The last calibration on this magnet has 
been carried out during the year 2008. Very consistent results have been obtained, 
indicating an absolute energy uncertainty of less than 10"^ MeV. 
3.2.2 Pulsed beam 
To enable time of flight 
measurements for the ERs arriving on the detectors, 
all beams used in this thesis were pulsed using the ANU beam pulsing system. 
This system consists of a room temperature pre-tandem buncher [88], indicated 
in Figure 3.1, which compresses the DC beam into pulses of ~ 1 ns width and 
106 ns apart. A pre-tandem slow chopper was used to remove pulses in order 
to increase their separation by a chosen value. The slow chopper is operated in 
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phase with the buncher with variable pulse widths and pulse separations in the 
0.1 /is to 500 ms range. Post-tandem beam choppers remove the background of 
unbunched ions between pulses. For all experiments in this thesis the beam pulsing 
was 1 ns on and 640 ns off. 
The radio frequency (RF) signal which controls the slow chopper was supplied 
to the data acquisition system for purposes of time of flight measurements. 
3.2.3 Beam energy definition 
Accurate determination of beam energy and energy intervals is essential 
for making precision measurements of fusion excitation functions and barrier 
distributions. 
The required accuracy in beam energy is obtained by following a procedure of 
recycling of the magnet [87, 31]. This involves taking the 90° energy analyzing 
magnet to its maximum field and then down to zero field and repeating this process 
twice (i.e three times in total). 
The recycle regime is designed to eliminate differential hysteresis effects. Once 
this procedure is performed, the field is changed only to higher values and the 
recycling procedure is followed if a lower field is required. 
The standard deviation of beam energy of the measurements is 0.04%. This 
implies that, for a beam energy of 200 MeV, the absolute beam energy is known 
to better than ±80 keV and more importantly, it is reproducible. But relative 
energies for the fusion measurements have a much smaller uncertainty. The relative 
uncertainty in defining the beam energy intervals is better than 10 keV. 
3.2.4 Beam tuning through SOLITAIRE 
Since the MWPC detectors measuring ERs are placed on the beam axis beam 
tuning is crucial for obtaining clean spectra with low background. Good tuning also 
ensures that the beam axis is well aligned to the geometric axis of SOLITAIRE, and 
thus the image of the ERs on the MWPC is symmetric about the beam axis. 
Together with a very accurate beam energy, a straight and consistently 
well centered beam entering the scattering chamber is desired. Procedures to 
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tune and focus the beam have been developed for consistency from run to 
run during excitation function measurements and between different experiments. 
In section 2.2.4 it was explained how the beam is focused straight to the target and 
ultimately stopped in the FC. But the beam must be aligned with the magnetic 
field axis as weh, to minimize scattering in different parts of the device and hence 
reduce the background of elastically scattered particles. 
For all these reasons, tuning procedures had to be developed. The best tuning 
procedure to minimize undesired scattering is minimizing the elastically scattered 
beam-like particles rate in the MWPC detector by adjusting the quadrupole closest 
to the target and the X and Y steerers of the beam line. 
3.3 Targets 
The target thickness has important consequences on the determination of cr^/j. 
The projectile losses energy as it travels through the target, and thus the measured 
cross section is the integrated cross section a(E)dE, where Ein is the 
incident energy and Eioss is the energy loss in the target. The thicker the target, 
the larger the range of energy integration. Thus if a thick target is used then 
the correction required to obtain CT(E} from the measured cross sections becomes 
significant. The correction can be particularly large at sub-barrier energies where 
cross sections fall off exponentially with decreasing energy. 
Energy loss of the beam going through a very thick target broadens the time 
resolution. This results in a decreased sensitivity to separate and reject scattered 
beam like particles. Therefore measurements of ER cross sections are usually carried 
out using thin targets (< 100 fig/cm?). The thickness of the targets of ^^Ni, ®°Ni 
and used in this work are listed in Table 3.1. All the targets used in this thesis 
are in the form of a foil and close to 100% isotopic enrichment. 
A target was utihzed to investigate the different parameters involved in 
the separation technique of the solenoidal spectrometer for symmetric reactions. 
Targets made of different nickel isotopes (see Table 3.1) were employed to measure 
fusion cross sections. 
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Table 3.1: Targets used for the experiment with their measured or nominal 
thickness. 
Target Thickness Objective of the study 
58Ni 7 3 ± 1 0 FIG/CM'^ ^^ ^^  (^ER! QER / Qelastics 
58Ni (197AU) 7 6 ± 1 5 ^G/CM^ (^ER 
60Nj 7 5 ± 1 5 FIG/CM'^ ^^ ^^  O'ER 
64Ni 5 5 ± 1 5 I^G/CM^ OER 
Au 1 5 5 ± 1 5 NG/CM^ Beam tuning 
is^Au 4 7 4 ± 2 0 ^IG/CM^ Beam tuning 
1 0 0 NG/CM^ QER 
^^Ge 2 0 NG/CM^ QER 
< 1 0 0 NG/CM^ QER 
natgj. < 1 0 0 NG/CM^ QER 
92Zr 3 0 ^IG/CM^ QER 
looMo 2 0 FIG/CM^ QER 
"" 'Ru < 1 0 0 IIG/CM'^ QER 
The elastic scattering of beam incident on target shows oscillations 
due to Mott scattering (since target and projectile are identical). Normalization 
is therefore difficult unless one can calculate the Mott oscillations exactly, which 
requires a knowledge of, for example, the nuclear potential and angle of the monitor. 
To investigate the amplitude of the oscillations due to Mott scattering, a thin layer 
of was evaporated onto a ^^Ni target. Rutherford scattering off the gold could 
then be used as a comparator. This will be further explained later. 
The targets heavier than nickel were used to determine the conditions for future 
fusion studies involving such systems or similar systems. From such studies, the 
average charge state q^R of the evaporation residues for each system has been 
estimated, this is later discussed in section 4.3. 
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Impurities in the targets 
It should be noted that precise measurements of fusion cross sections from 
symmetric and near-symmetric systems are experimentally challenging. Specially 
because reactions on small amounts of heavier isotopic target contaminants can 
strongly affect the lowest-energy yields due to their higher center-of-mass energies 
and lower barriers. Thus, cross sections for the isotope of interest would appear 
to be larger if the contributions due to the contaminants were not subtracted. 
Furthermore impurities with lower Z than the target can also affect measurements. 
For these reasons, the targets employed for fusion cross section determination were 
studied in detail. 
To determine the presence of contaminants in the target, the elastic scattering 
of a ^^Ni beam was measured for all the nickel targets at 42° with a beam energy 
of 160 MeV, well below the fusion barrier of every system. These measurements 
were carried out employing a collimated Si detector installed at 42°. The observed 
spectra did not show evidence of significant heavier isotopic contaminants. 
A more sensitive study using laser-ablation inductively-coupled plasma mass 
spectrometry [89] was done to determine heavy target impurities were determined 
at ppb level. The target compositions obtained are shown in Table 3.2. The 
and targets were found to have low level impurities of ""'Cu and "'^'Fe. The 
measured cross sections were corrected for these impurities as explained in section 
5.1.3. 
However, in the case of the target, the main isotope is very close in mass 
to the and ®®Cu, present in "''^Cu. The levels of and observed for 
this target did not represent their natural abundances. The study was performed 
three times, obtaining always different results. Therefore, this method has not been 
conclusive to determine the percentage of ""'Cu present on the target. 
3.4 Particle detection techniques 
Multiwire proportional counters and silicon detectors used for detecting 
evaporation residues and elastically scattered particles have been described in 
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Table 3.2: Measured composition of the targets employed for aER determi-
nation. The main components are listed, other lighter components with less 
than 0.01% are omitted from the table. ^The observation of "'^'Cu in the ^ ^Ni 
target has not been conclusive, see text for details. 
Target Component % Measured 
58Ni 58Ni 98.69 
60Ni 0.21 
64Ni 0.02 
natQ^ 0.81 
natpg 0.27 
eoNi 60Ni 97.09 
58Ni 0.99 
64Ni 0.01 
natQ^ 1.75 
"atpg 0.16 
64Ni 64Ni 96.62 
58Ni 2.04 
60Ni 1.11 
natQ^ Not determined^ 
»atpg 0.23 
the previous chapter. This section discusses the quantities measured using these 
detectors. 
3.4.1 AE measurement 
The ER entering the MWPC ionizes the gas and loses energy as it traverses 
the detector. The number of ions collected by the cathode is proportional to the 
energy loss AE of the ER. The AE signal from each of the three segments of the 
cathode is sent through a preamplifier and then to a fast amplifier. The three signals 
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are summed and sent through a spectroscopy amphfier to the analogue to digital 
converter (ADC) in the data acquisition system. 
3.4.2 Time of flight measurement 
A common method in any ion identification apparatus is to measure the time 
of flight TOF between two points or to measure the time diff'erence with respect 
to the beam pulse. The use of a pulsed beam meant that the latter method was 
always used, whilst the first method could only be employed when two detectors 
(two MWPCs or one MWPC and one Si-detector) are used. The signal from each 
segment of the cathode processed through preamplifier and a fast amplifier is sent to 
constant fraction discriminators (CFDs) to generate the timing signal. This signal 
is sent to the time to digital converter (TDC) of the data acquisition system, where 
it is referenced with respect to the RF signal generated from the beam chopping 
system. This time signal information from each cathode is recorded separately and 
an "OR" signal can be generated later in the software when desired. 
When two MWPCs were used, the timing signals from the second MWPC were 
treated in the same way, but were accepted in the data acquisition system only 
when the first MWPC triggered. Time of flight between the two MWPC could be 
obtained by taking the difference in time from the TDC. 
The detectors used in SOLITAIRE have a time resolution ^ 1 ns, whilst the 
flight time from the target to the detector for beam energies of interest is typically 
63 ns for elastics and 125 ns for the ERs. Therefore the ERs and beam like particles 
are well separated by their difl^erences in time of flight. 
For evaporation residue measurements, the elastically scattered beam particles 
were vetoed from the detector signals. The cycle time between pulses is shown 
schematically in Figure 3.2. The veto was synchronized to the beam pulse, having 
a width slightly wider than the beam pulse to veto the elastics and the low-energy 
beam-like particles. 
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Figure 3.2: Scheme of beam pulse, timing of the particles emitted from the 
target and the vetoing of full-energy elastics. The shaded time window is 
vetoed from the acquisition system. The time of flight respect to the beam 
pulse is illustrated. 
3.4.3 Position measurement 
The position signal of the MWPC comes from each individual wire (anode) of 
the grid plane. The position at which the particle enters can be determined by 
identifying which wire the signal comes from. The two anode (grid) planes identify 
the X and Y impact positions by a read-out employing the delay line method [15], 
each wire being connected to a 1 ns delay line element. 
The signals were obtained by measuring the finite propagation time taken for 
each event in the delay line connected to each wire of the grid. The time signals 
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from each end of the delay hne were sent to a time to amphtude converter (TAG) 
and then to the analogue to digital converter (ADC) in the data acquisition system. 
In the latest experiment, a TDC was used. The position resolution obtained with 
these detectors was ~ 1 mm, corresponding to the wire spacing. 
3.4.4 E measurement 
As the reaction products are stopped in the sihcon detector, it provides the total 
energy {E) of the detected particles. The energy signal of this detector was sent 
through a preamplifier and to a fast amplifier to obtain a timing signal and to a 
spectroscopy amplifier to provide the energy signal. 
3.4.5 Elastic scattering measurements 
In addition to the above parameters, four energy signals from the 
Si monitor detectors were also collected. These monitors, located in the iron cone 
(section 2.2.2), measured the elastic scattering of the projectiles from the target. 
Since the Rutherford scattering cross section is well known, the use of the 
four monitor detectors allowed normalization of the data. Moreover, given their 
symmetric position around the beam axis, any fluctuation and small inaccuracies of 
alignment of the beam is taken into consideration and corrected when the sum of 
the counts in the monitors is taken. 
The four energy signals went through preamplifiers, then to linear amplifiers and 
to the ADCs in the data acquisition system. 
3.4.6 Dead time correction 
In order to monitor the dead time of the data acquisition system, a pulser was 
sent to the ER detector amplifiers. This pulse was referenced in time to the RF 
triggered by one of the monitor signals. The reason for using a monitor signal 
in conjunction with the RF is because it reflects the intensity of the beam which 
changes the counting rate of the system, and consequently its dead time. The pulser 
signals generated in each measured parameter appear well separated from the rest 
of the events of interest. 
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The number of pulser events in each measured parameter (AE, TOE, 
X and Y positions for MWPCs, and E and TOE for sihcon detector) was compared 
with the pulser triggers counted with a scaler to make the dead time correction to 
the acquired data. 
3.5 Identification of ERs 
Following a heavy-ion reaction many different products can enter the detecting 
system. To detect and select the species of interest, a reliable particle identification 
technique is required. Parameters such as total energy (£"), energy loss (AE), time 
of flight [TOE) and position on the detector {X — Y) are used individually or in 
combination to identify the detected particles. 
The X and Y position data are not particularly useful for separating particle 
species. However, this information is very useful for determining the angular 
distribution of the evaporation residues da^^/dQ{6), as well as to perform charge 
state studies and to determine empirically the focus for the events of interest (either 
ERs or elastics). These studies are treated in detail in Chapter 4. 
The parameters recorded during the experiments depended on the configuration 
of the rear detectors. The identification techniques investigated during this work 
are described in this section with the three main configurations employed in this 
work being: 
• single M W P C detector 
• two M W P C detectors 
• single Si detector 
Independent of the arrangement chosen, for normalization purposes four silicon 
detectors were used, located at 18° relative to the beam direction in cavities inside 
the iron cone (see section 2.2.2). 
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3.5.1 Single MWPC 
This configuration consists in placing the M W P C near the focal point of the 
particles of interest, at a distance between 93 and 120 cm from the middle of the 
solenoid. The particle signals provided are their energy loss AE in the detector, the 
time of flight TOF and X - Y position on the detector. 
The energy loss AE measurement alone is not sufficient to separate the ERs from 
the scattered beam particles. Their energy loss is very similar for the two groups of 
events, as evident from Figure 3.3. However, the ERs and elastically scattered 
particles have very different velocities and thus time of flight. The ERs take 
~ 125 ns and elastics ~ 63 ns to traverse the 195 cm distance between target 
and detector. The plot of AE versus TOF with respect to the beam pulse is shown 
in Figure 3.4. The ERs are clearly separated from the beam particles. The elastic 
peak is not visible as it was vetoed out to reduce the data rate in the acquisition 
system. The spectrum shows a significant number of energy degraded beam-like 
particles. These arise [64] mainly due to scattering of the beam from the carbon 
entrance window, scattering from the Faraday cup, and other obstructions. 
1500 2000 
AE (arbitrary units) 
2500 3000 3500 
Figure 3.3: Plot of the measured energy loss A E in the M W P C detector for 
58Ni+58Ni ^^ EBeam = 196 MeV. The ERs {shaded group) are mixed with 
the energy degraded beam-like particles in this spectrum due to their similar 
energy loss, while the elastics were vetoed. 
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The TOF determined using timing with respect to the beam pulse works well 
only if all particles come from a fixed point, such as the target (i.e. the same distance 
traversed by all particles). Weak scattering sources before and/or after the target 
result in different flight paths. The beam particles scattered from such sources 
therefore have TOF different from the main group of beam-like particles scattered 
from the target. This generates background events, which are a significant fraction 
of the ER events at energies below the barrier. 
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Figure 3.4: Energy loss AE in the MWPC detector versus time of flight TOF 
for ^^Ni + Upper panel: Ebeam = 196 MeV, same run as Figure 3.3. 
Lower panel: Ebeam = 228 MeV. The elastics are vetoed, the ER group is 
clearly separated from the energy degraded beam-like particles, and the pulser 
signal is well separated. 
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3.5.2 TwoMWPCs 
The background of scattered beam-like particles was identified and eliminated 
by using a second MWPC placed at a fixed distance behind the first counter. This 
arrangement can be used to (i) measure the TOF of the particles between the two 
MWPCs and (ii) track the path of the particles. The former was used in this work, 
and the software for the latter is currently being developed. 
The data in the rear MWPC (denoted as M W P C 2 ) was accepted only when 
the front MWPC (from here, denoted as MWPCi) fired using its cathode signal 
as the trigger. As in the case of the front MWPC, the AE, timing, and X and Y 
signals were collected. The variables which allowed clean identification of ERs are 
time of flight with respect to the beam for the MWPCi (TOFi) and the time of 
flight between the two MWPCs {AT). Particles traversing through the MWPCi 
lose energy - the ERs losing more than the beam-like particles. This results in an 
even larger separation in the time of flight between these two groups when traversing 
the path between the two MWPCs, compared with the separation in time of flight 
measured just by MWPCi. Hence, ERs are very well separated on the plot of TOFi 
versus AT, shown in Figure 3.5. As can be observed, this method gives a very clean 
separation between ERs and beam-like particles. 
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Figure 3.5: Typical AT vs TOFi spectrum of the detected events with the 
time signal coincidences of two MWPC for at EBeam = 196 MeV 
(same run as Figure 3.3 and 3.4(a)). The ERs group is clearly distinguished 
from the elastically scattered beam particles. 
3.5.3 Single Si detector 
For this detector configuration, the parameters measured were the total energy 
(E) and the time of flight (TOF) of the particles. Due to its size, to operate this 
detector efficiently it is essential to know the focal point of the particles of interest. 
Figure 3.6 shows a spectrum measured with this detector at an energy ~ 2 MeV in 
center-of-mass above the fusion barrier. 
The ERs are clearly separated from the energy degraded beam-hke particles 
at beam energies higher than the average barrier. The disadvantage is that as 
the beam energy becomes lower than the average barrier, the background becomes 
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more intense throughout the E vs. TOP spectrum. The two M W P C configuration, 
described previously, is the best configuration for low cross section measurements by 
direct detection of ERs. However, the Si detector can be used for low cross section 
measurement by implantation of a-active ERs. Since the a-activity is counted 
out-of-beam, the in-beam background does not pose any problem. 
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Figure 3.6: Typical E vs TOF spectrum of the detected events in the silicon 
detector for ^^Ni+^^Ni at Eseam = 204.3 MeV. The ERs group is clearly 
distinguished from the elastically scattered beam particles 
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CHAPTER 4 
Characterization and Performance of 
SOLITAIRE 
To be able to obtain highly precise experimental data, it is of fundamental 
importance to know the sensitivity of the performance of SOLITAIRE to variations 
of the main parameters determining its operation. The most important variables 
affecting the separation of ERs from the intense beam-related background are the 
type of gas and gas pressure, which determine the charge state distributions of ERs 
and beam like particles, and the magnetic field needed to focus the ERs at the 
desired location. 
In this respect, data collected with SOLITAIRE were compared with simulations 
using SoliX [65], a code developed in-house to simulate the trajectories through the 
device. The code uses charge state distributions and electron capture and loss cross 
sections available in the literature [70, 90, 91], but also allows changes to be made 
to the mean value of the charge state distribution. 
Information regarding charge exchange cross sections of heavy ions in different 
gases is very limited, and existent models are phenomenological. Thus it was 
important to find the optimal gas and gas pressure through measurements. These 
experiments were carried out by taking advantage of the position sensitivity of the 
M W P C detector. 
These measurements allow the determination of the average charge state {qEn) 
of the ERs. Knowledge of q^R enables angular distribution of ERs to be determined 
from a single measurement using the simulation code. The procedure to determine 
angular distributions was verified by comparing with data of Ref. [38] for 
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These data were also used to validate the calculations for the transport efficiency of 
SOLITAIRE. 
In the next sections the results of the studies performed for the ions of interest 
for this thesis are presented. 
4.1 Choice of the filHng gas 
The mean charge state q of the ions passing through the gas depends on the 
separator filling gas and v and Z of the ion. Argon, helium, neon, nitrogen and 
propane gases were tested in the gas cell, with pressures ranging from 0 to 3 Torr. 
The best separation and transmission ratio between ERs and beam-like particles 
reaching the detector for -l-^^ Ni was obtained with 1 Torr of helium, in 
agreement with already published data [54 . 
4.2 Charge state distribution of beam-like particles 
Finding the optimal suppression of beam-like particles for the evaporation 
residue measurements involved several measurements. One of them consisted in the 
investigation of the equilibration of charge states of beam-like particles in helium 
gas at low pressure. The trajectories of ions resulting from scattering off a thin 
target were studied at energies near the fusion barrier. This was carried out 
with no gas in the gas cell and then with low pressure gas. 
To perform these measurements, a disc with a pattern of pin holes was made and 
placed at the entrance of the iron cone. No other obstruction was placed at the entry 
or exit of SOLITAIRE. The aperture allowed the elastically scattered particles to 
enter the solenoid at particular angles, obtaining their specific images at the M W P C 
which was placed at its furthest position from the target. This can be observed in 
the simulation shown in Figure 4.L The image on the detector was measured as a 
function of the gas pressure (from 0 to 3 Torr) and the magnetic field B^, which 
was scanned up to 5.5 T. 
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Figure 4.1: Simulated trajectories of elastically scattered particles through 
SOLITAIRE, for ^^Ni+^SNi at Eiab = 220 MeV, with no gas in the cell. On 
the left bottom corner, there is a diagram of the disc with pin holes which 
was placed at the entrance of the iron cone. 
4.2.1 Validation of trajectory calculations 
When the gas cell is in vacuum, a single hole in the aperture gives rise to several 
images on the detector, one for each ionic charge state. The images obtained with 
the MWPC, for 220 MeV ^^Ni scattering from are shown for three different 
magnetic fields in Figure 4.2 left panels. The pattern obtained from simulations 
using SoliX are shown on the right panels. As seen in the top panel of Figure 4.2, 
the beam particles with different charge states are clustered around the center of 
the detector when B^ ^ ST. As we increase the field and the detector is beyond the 
focus, trajectories corresponding to different charge states are separated further. 
The experimental position spectra were contrasted with the simulated data to 
quantitatively verify the trajectory simulations. A difference of +0.10 T was needed 
in the simulations to reproduce the experimental data, for the no gas case. 
The reason for this is not clear yet. In this thesis all the simulations for the cases 
with helium gas in the cell used the manufacturer's calibration^ of the magnetic field. 
^The relationship between the current in the solenoid and the magnetic field was determined 
at 6.5T using a Hall probe at the factory of Cryogenics Ltd. 
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Figure 4.2: Image at the detector of the elastically scattered particles 
measured (left spectra) and simulated (right spectra) with SoliX [65], for 
reaction with Eiab = 220 MeV, at different with no gas in the 
cell. 
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Figure 4.3 shows the X-Y position spectrum for elastics obtained at 
Ehab = 220 MeV and 4.00 T, and the simulation performed using SoliX at the 
same energy and 4.10 T. In the Figures 4.3(a) and 4.3(6) each group of events 
corresponds to a single charge state of the ions, obtained at the detection plane for 
a particular applied. 
A detailed comparison of the measurements and simulations has been made by 
analyzing the spatial distribution for each cluster of particles on the detector. An 
example of this is shown in Figure 4.3(c) by radially projecting a partial image 
delimited by the gates illustrated in Figures 4.3(a) 4.3(b). The charge states for 
each group could be determined by scanning the field and comparing with SoliX 
simulations. Figure 4.3(d) shows the charge states corresponding to the different 
groups in the gate shown in Figure 4.3(b). These studies show that the charge 
state distribution calculated by SoliX for the no gas case matches well with the 
observation. 
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Figure 4.3: Image at the detector of the elastically scattered particles, (a) 
measured and (6) simulated with SoliX [65], for reaction with 
Etab = 220 MeV, B^ = 4.00 T for the measurement and 4.10 T for the 
simulation, with no gas in the cell, (c) number of counts versus the radial 
projection for the gates drawn on (a) and on {b), in black and red, respectively, 
whilst {d) shows the corresponding charge states for the SoliX calculations. 
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4 .2 .2 E f f e c t of g a s 
A series of measurements was performed to evaluate the changes in the 
trajectories of the beam-hke particles when there is low pressure helium gas in the 
cell. These variations in trajectories were studied by analyzing the position spectra 
detected with the MWPC, as done for no gas case described above. The pressure 
was varied from 0 to 3 Torr . 
In Figure 4.4, three measurements obtained at 4.00 T for 0 Torr, 1.5 Torr 
and 3 Torr gas pressures are shown on the left panels along with the respective 
predictions by SoliX on the right panels. As the gas pressure increases, the images 
of the pin holes become more diffuse. This is due to multiple scattering and charge 
exchange effects, which increase with the gas pressure. The predictions made by 
the code are in good agreement with the experimental data. 
In all the spectra shown in Figure 4.4, a range of individual clusters 
corresponding to different charge states is , similar to the map obtained in vacuum. 
This shows that up to 3 Torr of helium along the flight path of the elastically 
scattered particles, the equilibration into a single average charge state has not been 
reached. We still observe a discrete distribution. 
As the magnetic field increases more than 4 T, the focus of the elastically 
scattered particles moves away from the detector towards the exit of the solenoid. 
At the same time, the ER focus approaches the detector. Therefore, by placing 
the rod with the blocking discs near the exit of the solenoid, at the focus of the 
beam-like particles, these can be prevented from reaching the detectors without 
affecting significantly the ER transmission. 
The thin diagonal lines in the measured spectra shown in Figure 4.4, particularly 
visible in the plots corresponding to 1.5 and 3 Torr, arise as the central foil is divided 
into three strips (see section 2.2.6). 
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Figure 4.4: Image at the detector of the elastically scattered particles, mea-
sured using MWPC (left) and simulated with SoliX [65] (right), for 
reaction with ELab = 220 MeV, B^^ AT, and 0, 1.50 and 3 Torr of He pres-
sure. 
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4.3 Charge state of ERs in gas 
Information about the charge state of the ERs in gas can be determined by 
measuring the variation of the image size of the ER as a function of the magnetic 
field, and comparing it with SohX calculations. 
There are several phenomenological approaches for obtaining an estimation of the 
mean charge based on fitting of measured data [70, 90, 66]. Betz's estimations of q 
were formulated as a general parametrization with a rough approximation for the gas 
used [70]. In reference [90], for example, a global fit was made to the experimental 
data in reference [66] and to ERs with Z ranging from 99 to 111 interacting with 
hehum gas at low pressure. However, there is a lack of experimental data about the 
mean charge state for the ERs studied in this work, traveling through helium gas at 
low pressure 1 Torr). Furthermore, the required precision in the present work 
exceeds the one given by parameterizations in the literature. In the present work 
the mean charge state of the ERs could be precisely estimated (with ^ < 2%). 
Several reactions involving a 240 MeV ^^Ni beam on different thin targets 
( < 100 jig/crn^), with 58 < A < 102 (see section 3.3), were studied to determine 
the average charge state of the ERs. To carry this out, the image of ERs at the 
MWPC position was recorded as a function of magnetic field. 
The X and Y projections of the ERs detected in the MWPC were fitted with a 
Gaussian shape to determine its FWHM, as shown in Figure 4.5. 
The measured FWHM of the ER group as function of magnetic field is shown 
in Figure 4.6 for different reactions. Measurements below 4.5 T cannot be made for 
Ni+Ni due to very high rate of elastics focused on the detector. 
The magnetic field at which the curve for a given reaction reaches its minimum 
is determined by the average charge state q. Thus matching these curves with 
simulations, where q is varied, allows a determination of the q. The measurements 
can also be used to test the accuracy of the q predicted by different models. 
To illustrate this procedure, the image size observed and predicted by using 
two different phenomenological models are displayed as function of the magnetic 
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Figure 4.5: Determination of the ER group image size on the MWPC for the 
^^Ni+'^ '^ Ge reaction measured at 5.5 T with a beam energy of 240 MeV. (a) 
Gate on the ER events in the AE versus TOF plot, (b) position image of the 
ERs gated, (c) and (d) projection of the X and Y position of the ERs, the 
blue and red lines represent their fit with Gaussian function. 
field in Figure 4.7 for ^^Ni+ '^^ Ge. The procedure to determine the FWHM of the 
measured ER image was also applied to the simulated data. The best description 
of the experimental data was found to be for q j^^  = 16.05 it 0.10. 
It is clear that the average charge state values predicted by existing models 
differ significantly from the ones obtained empirically. These differences vary 
depending on the nuclei formed in the reaction. Betz's parametrization [70] is given 
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Figure 4.6: Measured image size on the MWPC of the ER group of several 
reactions measured versus apphed magnetic field. The reactions involved a 
240 AfeV beam on thin targets (listed in the Figure). The lines are only 
for guiding the eye. 
by equation (5.7) in reference [70 
g = Z 1 - C 0.71Z" — 
V 
(4.1) 
where Z and v are the number of protons, and velocity of the ions respectively, 
vo is Bohr's velocity, which is equivalent to e^/h = 2.188 x 10^ cm/sec, and C is a 
parameter determined for each ion and target (helium gas in our case). As shown 
in Figure 4.8, this parametrization over predicts systematically q^R for all the cases 
studied, and Gregorich's estimation [90] under predicts them but with less difference 
as the ions become heavier. 
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Figure 4.7: Illustration of empirical determination of for the ^^Ni+'^ ^Ge 
reaction at Eseam = 240 MeV, by comparing measurements with simulations 
using different q^ p^  as indicated. Parameterizations used correspond to Betz 
[70] and Gregorich et al. [90]. The lines are for guiding the eye. 
In the rest of the thesis, the empirical q^j^ value has been used for simulations 
using SoliX. 
Although we know that both phenomenological predictions are not accurate, 
they can be used in future studies to determine the range for the expected q values of 
different ERs. For lighter ions than the ones in Figure 4.8, an average value between 
both predictions could be used, while towards heavier ions, an average value but 
giving more weight to Gregorich's prediction appears to be a better option. 
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Figure 4.8: Predicted q values using parameterizations given by Betz [70] and 
Gregorich et al. [90], and empirical values of q versus ZER for fusion products 
from the reactions indicated. A beam of 240 MeV was used for all the 
measurements. 
4.4 ER angular distributions 
When two nuclei fuse, they form a "hot" composite nucleus. The highly excited 
compound nuclear state hes above the particle emission threshold. In the nuclei 
formed with ZER < 60, the probability for decay by fission is so small that 
practically all the decay products are ERs. The ERs are nuclei close in mass to 
the compound nucleus that result from emission of neutrons, protons and alpha 
particles, depending their relative probability on the binding energies. During the 
decay of the compound nucleus following fusion, the neutrons and protons have 
relatively small momentum and hence produce only a small deflection of the ERs. 
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Since the kinematics of heavy-ion fusion reactions result in a strong forward focusing 
of the heavy recoihng nuclei and the evaporation of neutrons and protons only impart 
small transverse kicks, the resulting ER angular distributions are strongly peaked 
at zero degrees with a full width of only a few degrees. The higher momentum of 
the alpha particles produces larger deflections to the ERs. This leads to a larger 
width of the angular distribution for this component. 
The spatial distribution of events on the MWPC detector is the key to determine 
the angular distribution of the evaporation residues produced in a reaction. Once 
Qer is known with relative accuracy < 2%) information about the angular 
distribution of the ERs reaching the detector could be extracted from the position 
spectrum. By knowing the ER angular distribution, it is possible to estimate with 
SoliX the transmission efficiency through the device. Therefore, the consequences 
of these impact directly on the normalization of the collected data. 
4.4.1 ER angular distributions from a single run 
The ER image at the detector plane is the result of the interplay of the ion 
optical effects and the ER angular distribution affected by multiple scattering with 
the gas molecules. 
Employing the ray-tracing capacity of SoliX, the ER trajectories have been 
calculated including optical aberrations through all orders. By inverting the 
transmission matrix through SOLITAIRE and then applying it to the experimental 
position spectrum, we were able to extract the ER angular distribution 
For simplicity in the execution of the code, the parametrization used to describe 
was taken as a double Gaussian shape function^ This function is 
represented as 
+ (4.2) 
dn w i ^ WiV^ 
t Further improvements to the code will allow the use of any function to be used as ER angular 
distribution input. 
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where Wi is the width of each Gaussian, and A^ is the fraction of area contributed 
by the first Gaussian to the full angular distribution. 
Employing this code, it was possible to obtain the angular distribution from a 
single measurement as explained in section 4.6 for the test case of ^"^S+^^Y and in 
the next chapter for the 58^1^58,60,sys tems. 
4.5 Transport efficiency 
The transport efficiency Strans is defined from the number of ions reaching the 
detector normalized to the number of ions at the target position. Its determination 
is very important for calculating the cross sections as will be discussed in the next 
chapter. 
The transport efficiency is determined by the interplay between several variables 
^trans = £trans{c, E , q, 5 , P ) ( 4 . 3 ) 
This variable depends on the configuration of the device c including the inner 
geometry of SOLITAIRE and positions and dimensions of all the obstacles and 
detectors. Also Strans depends on the parameters related to the ion's trajectory such 
as energy E, charge state of the particles q, magnetic field B, type and pressure of 
the filling gas P. 
The efficiency was estimated with the ray tracing code SoliX, by simulating 
the trajectories for the ions of interest from every reaction at specific settings of the 
device. To do so, in case of simulating ERs, the code needs their angular distribution 
as input. If elastic scattering is simulated then the angular distribution 
considered from the target is a Rutherford distribution. 
4.6 Test case: 
The availability of ER angular distribution measurements over a wide angular 
range and precision fusion cross section data for the system ^"^S+^^Y [38], makes 
it an ideal case to test the simulation code SoliX. Thus, the ERs from this 
reaction were measured using SOLITAIRE at a beam energy of 124 MeV, with 
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1 Torr of helium along the flight path, and at three different magnetic fields, 
B, = 4.75, 5.00 and 5.25 T. 
ER average charge state 
For "^^ S+^^Y exhaustive image versus B^ studies such as those shown in Figure 
4.6 were not performed. Instead, q^R was determined by comparing the position 
distributions of ERs measured at three different magnetic fields. 
The angular distribution of ERs were parameterized by a double Gaussian 
function. Parameters of the double Gaussian function were extracted from fitting 
of the experimental data pubhshed by Mukherjee et al. [38 . 
The average charge state needed to reproduce precisely the ER image detected, 
simultaneously at the three magnetic fields, is q^n = 9.3 ±0 .1 . 
The position distributions of the ERs calculated by using SoliX for 
reaction are in excellent agreement with the experimental results. Figure 4.9 shows 
the radial distribution (obtained from calibrated X — Y spectra) detected by the 
MWPC for Eiab = 124 MeV and B, of 4.75, 5.00 and 5.25 T, and the corresponding 
output of the code. 
The approach taken by plotting the counts divided by radius as function of 
radius has two main advantages. Firstly, the comparison between sets of data is 
more sensitive to the position of the events, highlighting the differences near the 
center and the border of the MWPC. Secondly, it preserves the overall shape of 
the angular distribution when the focus of the particles of interest is close to the 
detector position. 
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Figure 4.9: Measured radial distribution of ERs measured compared with 
those predicted by SohX for the ^^S+^^Y reaction at BLab = 124 MeV and 
B^ = 4.75, 5.00 and 5.25 T. 
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There are differences between the experimental and simulated data close to the 
center of the detector (radius = 0 cm in Figure 4.9). These particular discrepancies 
have been intensively studied by varying the conditions of the beam spot, namely 
by testing different beam shapes and adding offsets to the direction of the beam. 
However, none of the changes in the properties of the beam reproduced the 
experimental observation. Perhaps the reason for this is scattering in the gas, or 
from the edges of the axial obstacles. As a consequence of this disagreement, the 
region from r = 0 to the maximum of the radial distribution of detected events 
(at ~ 1.3 cm) will not be considered in extracting ER angular distributions for the 
rest of the data analysis. 
ER angular distribution from SOLITAIRE 
The radial range of the image at the M W P C used to extract the angular 
distribution of ERs excluded the center and the edge of the M W P C image 
by ~ 2 mm. This procedure was done to ensure that edge effects of the detector do 
not affect the fit. 
The experimental ER angular distribution for from reference [38] has 
been approximated by a double Gaussian function. The parameters from this fit 
were compared with the ones which best fit the measured image for ^"^S+^^Y in this 
work and are summarized in Table 4.1. 
Table 4.1: Double Gaussian parameters of the ERs angular distribution ex-
tracted from the measured image at the MWPC are compared with the 
parameters obtained by fitting the ER angular distribution measured by 
Mukherjee et al. [38] for the ^^S+^^Y reaction at Etab = 124 MeV. 
Parameters 5.00 T 5.25 T Ref. [38] fit 
wi [deg] 1.754 ± 0.007 1.819 ± 0.008 1.839 ± 0.040 
W2 [deg] 4.117 ± 0.019 4.250 ± 0.017 3.498 ± 0.029 
Ai/Arotai 0.850 ± 0.014 0.850 ± 0.008 0.840 ± 0.005 
In the case of the image measured at 4.75 T , the focus of the ERs is too close to 
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the detector position to be sensitive to the narrow Gaussian of the distribution. 
Therefore, this measurement has not been used to determine the ER angular 
distribution shape. 
Table 4.1 shows the good agreement of the fitting parameter values obtained from 
the data collected with SOLITAIRE and with measurements using the ANU velocity 
filter reported by Mukherjee et al. [38]. The ER angular distribution obtained by 
the author at 5.25 T and the published data are shown in Figure 4.10. 
100000 
10000 
jO 
!B 
E 
G 
•a 
•a 
1000 
100 
I -f X > - 1/ >' 
Present work > : 
• Mukherjee et. a/.[38] 
6 8 10 
e (deg) 
Figure 4.10: Comparison of the parametrization of the ER angular distribu-
tion obtained in this work {solid line) with data reported by Mukherjee et al. 
[38] measured for discrete angles {circles). The open circles correspond to neg-
ative angles measured by Mukherjee et al. The double Gaussian components 
of the parameterized distribution are shown by dotted and dashed lines. The 
unshaded region indicates the angular acceptance covered by SOLITAIRE. 
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Prom this work, an excellent description of the previously published differential 
cross sections was obtained from 0.5 to 9.5 degrees. However, in the dashed area, 
corresponding to the angular region outside the angular acceptance of SOLITAIRE, 
the parametrization obtained in this work does not describe the data from reference 
38]. The reason for that lies in the use of a double Gaussian function as a 
parametrization to describe the ER angular distribution instead of a more complex 
function such as a Gaussian and a Fermi function as used by Mukherjee et al. [38 
and by Newton et al. [92]. A fit with a more complex function has not been 
attempted, as it does not affect the extracted cross sections within experimental 
uncertainties. 
Verifying the procedure for extracting angular distribution from measured 
position spectra, by comparing it against measured ER angular distribution for 
34g_).89Y gives confidence in applying the procedure to the ssNi+^ '^^ '^^ '^ Ni systems. 
The results for these reactions are presented in the next chapter, revealing the 
smooth change in the shape of the angular distribution with the beam energy. 
Transport efficiency estimation 
Since the fusion cross section for at Eiab = 124 MeV is known from 
reference [38], it can be used to deduce the transmission efficiency etrans-
The ER cross section (explained in detail in the next chapter) is determined 
using the following expression 
(^ER = 
Y^ d^Man da''-''' 
£det ' Y^^ ' dn ^MON / ^trans 
(4.4) 
where Y^^ and SMWPC are the number of ERs detected in the MWPC and the 
detector efficiency, dVLuon and Y^"^ are the solid angle subtended by the monitor 
detectors and elastic scattering yield measured by them; and da^^''^/dVt is the 
Rutherford cross section at the monitor angle ^Mon-
Then, with the experimental data from the present measurements and knowing 
the value of UER from reference [38], it is possible to deduce Etrans by using the 
expression 4.4. This transmission efficiency is denoted as ef^^^f^, while the Etrans 
calculated with SoliX is . The efficiency is calculated employing 
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the angular distribution parameters extracted with SohX from the MWPC position 
spectra, listed in Table 4.1 for 5.00 and 5.25 T. 
It is important to note that the GER = 468 ± 5 mb reported by Mukherjee et al 
38] was obtained considering the sum of a Gaussian plus a Fermi-like function^ to 
describe the ER angular distribution. If Mukhejee's cross section is estimated using 
a double Gaussian angular distribution, the value obtained \S AER^ 461 ± 5 mb. 
The transmission efficiencies ef^anf'' listed in Table 4.2 were estimated by using 
the data collected in our measurements normalized to GER — 461 ± 5 mb. 
Table 4.2: Transmission efBciency and E R cross section obtained for the 
34g^89Y reaction at Eiab = 124 MeV, using two-Gaussian shaped ER angu-
lar distributions for each measurement performed at the given magnetic field. 
See text for details. * The last column gives the E R cross section obtained 
by fitting the differential cross section from reference [38] fitted with a double 
Gaussian function. 
5.00 T 5.25 T Ref. [38] fit* 
^deduced 
^ trans 86.6 ± 0.9 84.8 ± 0.9 -
^calculated (0/\ 
^ trans 89.0 ± 0.9 86.3 ± 0.9 
asR {mb) 449 ± 9 453 ± 8 461 ± 5 
The cross sections listed in Table 4.2 corresponding to measurements with 
SOLITAIRE are calculated with etfanl"^ '^^ • By using the measured data in the 
expression (4.4) and = 89.0 ± 0.9 % (obtained from SoliX with the 
angular distribution parameters listed in the first data column of Table 4.1), 
^^^ ^ 449 ± Q mb was determined for 5.00 T. Similarly with the data measured 
at 5.25 T and using = 86.3 ± 0.9 % (from Table 4.1), GER = 453 ± 8 mb 
was determined. The quoted uncertainties are the result of adding statistical and 
efficiency uncertainties in quadrature. 
tThe wider (second) Gaussian function replaced by a flat region from 0° up to a certain angle, 
followed by a half Gaussian function. 
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Therefore, the asR reported for 5.00 and 5.25 T are independent of Mukerjee's 
data. Within uncertainties, there is a good agreement between the cross sections 
measured with SOLITAIRE and the ANU velocity filter measurement carried out 
by Mukherjee et al. [38 . 
The procedures used to obtain ER angular distributions, cross sections and 
efficiencies are thus validated by the agreement of our results with Mukherjee's 
work. 
CHAPTER 5 
Fusion Excitation Functions: Analysis anc. 
ilesults 
This chapter presents the results of the first sets of experimental measurements 
with SOLITAIRE dedicated to determine fusion excitation functions. The principles 
employed to determine the ER cross sections and experimental barrier distributions 
for the 58]\Ji-|-58,60,64]vjj reactions are described in the first part of the chapter. In the 
second part, the results obtained using the two-Gaussian parametrization of the ER 
angular distributions are presented, followed by the ER excitation functions and the 
fusion barrier distributions. 
5.1 Data analysis 
5.1.1 Obtaining the ER cross section 
The number of evaporation residues detected is given by 
Y"" = I • N -aER-e (5.1) 
where I is the number of beam particles incident on the target, N is the number of 
the target nuclei per unit of area, oer is the evaporation residue cross section (in 
mb) and t is the efficiency of the device, as defined in the previous chapter. 
The number of particles elastically scattered from the target, and detected by 
a monitor detector subtending a solid angle dO. at an angle 6 with respect to the 
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beam direction, is 
yMon — J . J\J . ^^Ruth 
dn dO^Mon 
(5.2) 
where ^^^^le^on ^^e Rutherford differential cross section (in mb/sr), as measured 
in the monitor detector placed at an angle Omoh, and dflMon is its solid angle in 
steradians (sr). 
If the ER yield for a particular reaction of interest is measured relative to the 
yield of Rutherford scattering in a monitor detector, then the product / • A'' in 
equations (5.1) and (5.2) is canceled when the ratio of the two yields is taken. 
Therefore the evaporation residue cross section is then given by 
dQ 
<7er = 
Mon 
^^Ruth 
yMc dn 
(5.3) 
dMo 
Four monitor detectors are used symmetrically located in the iron cone, as described 
in section 2.2.2. Hence, any changes in the beam spot position during the course 
of the cross section measurement are accounted for. Even though the yield in all 
the monitors may be affected, the sum of the yields remains essentially unaffected. 
Thus the evaporation residue cross sections for the reactions were 
determined at each energy E by measuring the yield of ERs relative to the 
Rutherford scattering yield in the monitor detectors at 9Mon = 18° and (j)Mon = 45°, 
135°, 225° and 315°. 
The efficiency of SOLITAIRE may be separated into two components 
^ ^trans ' ^det (5.4) 
where Strans and Sdet are the transport efficiency of the device and the post-solenoid 
detector efficiency respectively, etrans is the number of ERs that will reach the 
detector normalized to the number of ERs emitted from the target (see Chapter 4). 
edet for a sihcon detector is considered to be 100% while for a MWPC it is 98%, 
as explained in section 2.2.6. The transport efficiency depends on the set-up of the 
device, geometry of the detectors and measurement conditions such as magnetic 
field, gas type and gas pressure. 
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The ER angular distributions used for determining Strans (and therefore uer ) 
were extracted from the position measurements of the fusion data themselves, as 
illustrated for ^^S+^sy in Chapter 4. 
As shown in Chapters 3 and 4, a clear identification of ERs from beam-like 
particles was achieved with the detectors. Thus, the ER yield was extracted by 
setting gates and integrating the number of events of interest in the spectra obtained 
from each arrangement of detectors. In the case of a single MWPC detector, 
ER counts were identified unambiguously by a gate set on the two-dimensional 
A ^ i - TOFi spectrum. This procedure was used in combination with AT — TOFi 
in the case of two MWPC detectors. In the case of the post-solenoid silicon ER 
detector, the gate was set on the E—TOF spectra. These procedures were previously 
illustrated in section 3.4. 
The elastic peak was integrated in the energy spectra measured by the monitor 
detectors. Then, the fusion data were normalized to Rutherford scattering. 
However, in the case of elastic scattering between identical nuclei, normahzing the 
ER yield needs particular attention, as explained below. 
5.1.2 Scattering of identical particles, 
Scattering of identical particles results in Mott scattering [93, 94] rather 
than Rutherford scattering, due to the quantum mechanical requirement of 
symmetrization or antisymmetrization of the wave function under interchange of 
bosons and fermions respectively. Differential cross sections in the center-of-mass 
frame for Coulomb scattering of identical particles with charge Ze and ground state 
spin 0+ are described by the Mott formula 
with 
2 
4(47reo^)2sin4(f)cos4(f) 
where E is the energy and 9 is the scattering angle, both in the center-of-mass 
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frame, and r] is the Sommerfeld parameter 
^ Z^e^ ^ ^ / M 
^ 4n€ohv Aireohy 2E ^ ' ' 
where v is the velocity in the center-of-mass and M is the mass of the particle. 
The additional term to the Rutherford elastic scattering cross section in equation 
(5.5) results in an oscillating angular distribution. The amplitude and frequency of 
these oscillations depend strongly on the charge and the energy of the particles. 
The elastic scattering of identical nuclei thus shows oscillatory behavior and affects 
the normalization of the fusion data. Hence, the fusion cross sections need to be 
corrected for these oscillations in the elastic yields. 
The Mott scattering is also affected slightly by the nuclear potential parameters. 
A separate measurement of Mott scattering [95] showed that a "standard" diffuseness 
of 0.65 fm is suitable to calculate and correct for the Mott oscillations in the 
monitors, taking into account the angular acceptance of the detectors. 
To attempt to experimentally determine for these measurements the influence 
of Mott scattering, a ^^ Ni target with a layer of was used to measure the 
excitation function for A layer of 23 ng/crm? of deposited by 
evaporation, was facing the beam. This orientation of the target avoided alterations 
of the angular distribution of the ERs from the target, which affect the 
transmission efficiency of SOLITAIRE. 
The normalization was obtained using the and ^^ ^Au elastic counts and 
applying corrections resulting from Mott scattering. Where the and 
elastic peaks were well resolved, the ratio was consistent with the calculated Mott 
scattering calculation. Because the angular acceptance of the monitors covers several 
Mott oscillations, the correction due to Mott scattering is < 1%. 
An additional problem was encountered due to the use of the Au layer in 
the target while detecting events with a single MWPC. In the TOFi versus A E 
spectrum, the recoiling Au nuclei lie very close to the ER group, as shown in Figure 
5.1(a). The recoiling Au nuclei can however be very well separated in the A T versus 
TOFi plot obtained using two MWPCs, as shown in Figure 5.1(b). Thus the A T 
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Figure 5.1: {upper panel) The AEi - TOF\ spectrum collected by a single 
MWPC for a 209.8 MeV beam incident on a target with a gold 
layer. The Au recoils are not well separated from the ER from the fusion of 
the Ni isotopes, {lower panel) Spectrum of TOF\ versus AT taken with two 
MWPC detectors where the Au recoils are clearly separated from the ERs 
from fusion of ^^Ni with 
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versus TOFi spectra were used for clear identification of ERs for the on Au 
target. 
The procedures described above permitted evaporation residue yields to be 
converted to absolute cross sections. The ER cross sections for ^^Ni+^^Ni are given 
in Appendix A. 
5.1.3 Effect of target impurities 
The targets used to measure the fusion excitation functions contain small 
quantities of other isotopes of nickel. The composition of the targets was measured 
and is given in Table 3.2. The contributions of these impurities to the measured 
cross sections are very small at all but the lowest beam energies. Nevertheless, 
corrections have been made to the measured cross sections due to the content of 
other nickel impurities in the target. 
The corrections were carried out as follows. Let represent the ER cross 
section for the reaction where A is the mass of the target. In the case of 
the reactions, the measured ER cross sections (denoted by the subscript 
M) are given by 
a ^ ^ ' ( E ) = 99.77% a'^^^iE) + 0.21% a + 0.02% a ( 5 . 8 ) 
aZ'^'iE) = 1.01% a '^^^E) + 98.98% + 0.01% a'^^^iE) (5.9) 
Then, the cross sections for the reactions are given by 
= ^ [aZ'^'iE) - 0.0021 - 0.0002 (5.10) 
(^"'' '{E) = o i ^ [ a Z ^ ^ E ) - 0.0101 a^'^^iE) - 0.0001 (5.11) 
The cross sections for nickel isotope impurities (on the right hand side of the 
expressions (5.10) and (5.11)) were taken directly from the measurements, since the 
same beam energy was used for the three nickel targets. 
5.1. Data analysis 83 
Impurities of ""'Fe and were also detected in the targets. The fraction of 
fusion events from these reactions transmitted through SOLITAIRE, and appearing 
in the ER gates for the Ni+Ni reactions is difficult to estimate. Also there are 
no experimental fusion cross section data known to us for the 58jvjj_|_natpg 
reactions. Cross sections for the ""'Fe and contaminants were 
instead estimated from model calculations which fitted the experimental cross 
sections for the reactions on the nickel isotopes, to determine at which energies 
these contaminants could be significant. 
For all the systems the effects of any of these contaminant corrections at high 
energy is very small < 0.5%. Even at low energies the excitation function for 
was not significantly affected by the presence of these contaminants, as 
the fusion barrier for this system is the lowest of the Ni isotopes studied. All the asR 
values for are given in Appendix A. For the and 
reactions, it was estimated that the impurities are likely to affect measured cross 
sections at the level of < 0.05 mb and < 0.1 mb respectively. Thus, in Appendix 
A, which lists the measured asR, the lowest cross section given for is 
0.05 mb and for is 0.1 mb. 
For energies where the cross sections are below these limits, the measured cross 
sections can however be employed in the extraction of the barrier distribution. The 
reason for this is although they are an upper limit of the cross section, in this energy 
range the value of the lowest cross section used in determining (P{Eafus)/dE'^ has 
almost no influence on the value of (P{Eafus)/dE^ extracted, as will become clear 
below. 
5.1.4 Extracting the barrier distribution 
A useful fusion barrier distribution can be extracted from experimental data 
only if the excitation function has been measured to high precision and in fine 
energy steps [17]. The experimental first and second derivatives, d{Eafus)/dE and 
d^{Eafus)/dE'^, were extracted from the measured excitation functions for the three 
systems, i^ y using a point-difference procedure. 
The first and second derivatives, d{Eafus)/dE and d'^{Eafus)/dE'^, at energies 
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(Ej-i + Ei)/2 and (£'j_i + 2Ei + Ei+i)/A, respectively are given by 
d{Eajus) _ f {Eafus)i - {Eafus)i-i 
dE Ei — Ei-i 
(5.12) 
( {E<7fus)i+l-{ElJfus)i _ (E<Jjus)i-{E(7jus)i-l \ 
dE^ Ej+i - Ei_i 
where {Eafus)i are evaluated at the center-of-mass energies Ei. The statistical 
uncertainties and Sbd, associated with the values of d{Eafus)/dE and 
d'^{Eafus)IdE'^ respectively, are given by 
+ (5.14) 
[tji — 
+ + (5.15) (•Ej-i-i—-Ej-i \ 2 ) 
where E'^  = + Ei_i)/2 and E^ = (E j- i+ 2£'j + £^j+i)/4 are the energies at which 
the derivatives are obtained, and 5oi are the statistical uncertainties in the cross 
section (in mh) at energy Ei. For identical energy steps, /S.E = Ei+i —Ei = Ei — E i _ i , 
equations (5.13) and (5.15) can be expressed as 
d^Eaf us ) _ {Eaf us ) ,+ i - 2{Eaf us h + {Eaj us) I 
dE^ ~ AE 
(5.16) 
SBD ^ + + {Sa,.,^ (5.17) 
Hence, the error on d'^[Eafus)/dE'^ is proportional to the absolute errors in the 
fusion cross sections, and inversely proportional to the square of the energy step 
taken in the calculation. At higher energies, where the cross sections are large, 
sources of uncertainty other than statistical limit 5a/a to a constant value. Thus 
uncertainties of the measured barrier distribution increase with increasing energy. 
These uncertainties can be significantly reduced by increasing the energy step (see 
equation (5.17)), but at the expense of smoothing the barrier distribution. Since the 
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effect of quantum mechanical tunneling gives a full width at half maximum typically 
of 2 - 3 MeV, any additional smoothing caused by the step length is not a problem 
provided that it does not greatly exceed 2 MeV. 
5.2 Results 
The first set of fusion excitation function measurements carried out using 
SOLITAIRE was performed for the symmetric and near-symmetric reactions 
58fvjj_j_58,60,64]vjj_ Excitation functions for the three systems were measured in 
72 hours of accelerator time, involving measurements at more than 30 different 
energies spanning the fusion barrier region. Two further experiments were 
conducted to obtain more detailed ER excitation functions for these reactions at 
energies near the fusion barrier. For each experiment, different arrangements of 
detectors (described in section 3.5) were used, but all used a magnetic field of 5.5 T. 
The procedure employed to collect the data was described in Chapter 3. The ger 
values were obtained from every set of data collected, while the angular distributions 
of the ERs were extracted from the the most recent data. The experimental results 
are presented in the next sections. They show excellent agreement between the 
different experiments, which gives support to the reliability of the results obtained. 
5.2.1 E R angular distributions and transport efficiency calculations 
for Ni+Ni systems 
To determine the ER angular distributions and transmission efficiencies for the 
studied reactions, it is necessary to know the average charge state q of the ERs. 
The average charge state of the ERs reaching the MWPC detector, from the 
reaction, was measured at E^ab = 240 MeV (see section 4.3). The 
average charge state as a function of the velocity of the compound nucleus Vcn 
was determined using the known dependence of q on vcn- Figure 5.2 shows q 
as function of the velocity of the compound nucleus vqn divided by vq = e^ Ih, 
from the predictions given by Betz [70] and Gregorich's [90] parameterizations, 
and the estimation used in this work. This q dependence on Vcn, determined 
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Figure 5.2: Average charge state q as function of the center-of-mass ve-
locity of the compound nucleus VCN formed in the reac-
tions. The solid symbol corresponds to the measured value for at 
Etab — 240 MeV, the open symbols are the extrapolated values used in this 
work, and the dashed and full lines correspond to predicted values from Betz 
[70] and Gregorich et al. [90], respectively 
using was also used for the and reactions. The 
underlying assumption here is that q only depends on the proton number of the ion 
and is independent of the neutron number. 
The shape of the angular distributions of the evaporation residues for the Ni+Ni 
reactions were determined in steps of 5 MeV in beam energy, from the data collected 
during the last experiment, when beam tuning procedures were already optimized. 
The parameters obtained for the two-Gaussian function describing the shape of 
the ER angular distribution, as defined in Chapter 4, are shown in Figure 5.3. 
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Figure 5.3: Parameters describing the double Gaussian functions fitting the 
E R angular distributions for the 58^1^58,60,64]vjj t a c t i o n s measured in this 
work. For each set of double panels, the widths wi and W2 of the Gaussian 
components of the distributions are shown in the upper panel, and the lower 
panel shows the values of Ai = referring to the fraction of cross section 
contributed by the narrow Gaussian. 
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The evaporated neutrons and protons have relatively small momentum and 
hence produce only a small deflection of the ERs; this results in the narrow 
Gaussian-like component. The higher momentum of the a-particles produces much 
larger deflections of the ERs, resulting in the tail extending to larger angles. As 
the energy increases, the smooth energy variation of the parameters describing the 
ER angular distributions is interpreted as resulting from changes in the emission of 
particles from the compound nucleus following fusion. The diminishing contribution 
of the narrow Gaussian to the total area of the distribution is associated with the 
increasing emission of a-particles as the energy increases. 
The extracted ER angular distribution shapes were compared with experimental 
data available in the literature. These data were measured at a 
few discrete angles with a velocity selector plus a AE — E telescope, for the 
systems [8] and [22]. Unfortunately, there are no reported 
measurements for comparison with the system. 
In Figures 5.4 and 5.5 comparisons of the previously published data with results 
from this work are shown for the systems and respectively. 
The features of the ER angular distribution for measured by Beckermann 
et al. [8], for a beam energy of 210 MeV, are in agreement with the information 
attained in this work. In the case of ^^Ni+^'^Ni at 205 MeV, as illustrated in Figure 
5.5, the agreement with the data from reference [22] is not as good. However, 
the same qualitative features for this ER angular distribution are observed when 
compared with the previous system. Beckerman [22] noted that this angular 
distribution was perhaps not consistent with his other measured distributions. 
The principal reason for determining the angular distributions is to calculate the 
transmission efficiency of SOLITAIRE, which is less than unity, mainly due to the 
axial obstacles, namely the Faraday cup and scattered beam stopping discs. The 
accuracy of the simulation code SoliX in predicting the transmission of ERs, with the 
ER angular distribution deduced from position spectra as input, was demonstrated 
in Chapter 4 using the ^"^S+^^Y reaction. The parameters of the two-Gaussian 
function which best fit the measured ER angular distribution for 
were used as inputs to the code SoliX to calculate etrans-
The transmission curves, Strans versus Eiab, employed for the determination 
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Figure 5.4: Results of the ER angular distribution for at a beam 
energy of 210 MeV reported by Beckerman et al. [8], are shown by circles. 
The two-Gaussian function obtained in this work from the experimental po-
sition spectra is given by the full line, whist the individual contributions to 
this function are shown by the dotted and dashed lines. 
of the cross sections, are shown in Figure 5.6 considering the single MWPC 
detector configuration. These values of Strans were obtained from SoliX calculations 
employing the ER angular distributions show^n in Figures 5.3. The uncertainties 
shown in the plot arise from the uncertainty in the parameters describing the ER 
angular distributions. The etrans values for the rear MWPC position differ by < 1% 
from those values displayed for the front detector. The analysis of the data collected 
using each MWPC employed the corresponding etrans- The ER cross sections were 
determined using equation (5.3). 
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Figure 5.5: Results of the ER angular distribution for for a beam 
energy of 205 MeV reported by Beckerman et al. [22], are shown by circles. 
The two-Gaussian function obtained in this work from the experimental po-
sition spectra is given by the full line, whist the individual contributions to 
this function are shown by the dotted and dashed lines. 
The total systematic errors of the cross sections consist mainly of the 
uncertainty of the efficiency measurement, which depends on etrans, and geometrical 
uncertainties resulting from beam tuning and from uncertainty in the solid angle 
subtended by the monitors (this uncertainty is estimated to be lower than 1%). 
A quantitative analysis of the beam tuning can be performed by studying the 
ratio of the elastic counts in opposite and adjacent monitors to determine any 
systematic offset in the direction of the beam. Alternatively, information about 
the beam direction and ERs trajectories can be obtained from the position spectra 
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of the systems measured with the front MWPC detector, and their least 
squares linear fits. The B^ is 5.5 T. See text for details. 
at the M W P C , by checking that the density of detected events surrounding the 
image of the solid angle blocked by the Faraday cup has radial symmetry. 
The systematic uncertainty on £trans arises from the uncertainties in the 
determination of ER angular distributions, and so depends on the reaction 
measured. For cross sections for the reactions, this uncertainty is 
estimated to be ±2 .5%, and ± 3 % for ^^Ni+^^Ni. 
5.2.2 ER excitation functions 
The ER cross sections with associated statistical uncertainties are shown in 
Figure 5.7 as a function of the center-of-mass energy (they are also listed in Appendix 
A). The incident energies used are corrected for the energy loss in the entrance 
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chamber window and for target thickness. It can be observed from the hnear plot 
that, close to the highest energy measured, the start of the competition between 
fusion and fission becomes evident, as the ER cross section slows down its growing 
trend. 
The obtained OER values show excellent agreement between our three different 
experiments, as seen in Figure 5.7 as Series 1, 2 and 3. They were independently 
measured and not normalized to each other. A few considerations must be addressed 
to understand the relationship of the different data sets. 
• Measurements on the three Ni targets at a given beam energy were made by 
using the same tuned beam, changing only the targets. This guaranteed the 
same quality of beam for each reaction. 
• From the first survey of the excitation function, shown as Series 1, to the next 
set of data, an improvement in the quality of the data is observed through 
decreased scatter. This is thought to be due to the increase in experience 
and application of beam tuning procedures developed for the operation of the 
spectrometer. 
• For the data labeled Series 1, a Si detector and MWPC were employed 
alternately, and the geometry was slightly different (a smaller exit aperture at 
the exit of the solenoid was used) compared with the next series, where a single 
MWPC was used. In Series 3, measurements were made using two MWPCs 
(in singles and coincidence mode). These configurations have been defined and 
discussed in Chapter 3. The transmission efficiency calculated with SoliX for 
different detectors was used to determine the cross sections. The agreement 
between data collected with different detectors gave confidence about the Strans 
determination. 
• The average charge state of the ERs reaching the MWPC detector, for the 
reaction was measured at E^ab = 240 MeV and then extrapolated 
for the range of energies measured, as well as for the ^^Ni+^^'^^Ni reactions. 
• The determination of the shape of the fusion barrier distributions would not 
be affected by the transmission efficiency as it varies only weakly, and linearly 
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Figure 5.7: The experimental fusion cross sections versus the center-of-mass 
energy, measured in three different experiments with the new separator, SOLI-
TAIRE, for the systems 58]\ii-|-58,60,64]vji ^g^r the respective Coulomb barriers. 
All data points are shown with statistical uncertainty. 
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with the energy of the ERs for a fixed configuration and magnetic field. 
• The smooth variation of the cross sections with energy reflects the excellent 
response and reliability of SOLITAIRE for the three different periods of 
measurements. 
All the arguments expressed so far confirm the consistency of our data within 
the three periods and the three reactions measured. Therefore there is no cause for 
doubt about the measured absolute cross sections, hence the distribution of barriers 
for each reaction could be determined with high precision. 
5.2.3 Comparison with previous results 
Having established the self-consistency of our ER excitation functions, it is 
interesting to see how they compare with data measured with other instruments. To 
do this, it is necessary first to discuss the reasons for possible systematic differences 
observed between results from different laboratories. 
It is known that often the data measured for the same reaction in different 
laboratories could have small energy shifts. Sometimes the differences in absolute 
cross sections could correspond to differences in efficiency, normalized by the use 
of factor although the relative cross sections are well determined. This ^ 
factor could arise from the difficulty to determine accurately the transmission of the 
detection system, such as electrostatic deflectors, with transmission significantly 
less than unity. The last effect has been pointed out by Newton et al. [96] in a 
systematic study for a large set of precisely measured fusion reactions. 
To make a comparison with other measurements, the following considerations 
were taken into account for the data measured at the ANU: 
• The ANU accelerator beam energy has been calibrated regularly, having 
consistent results before and after collection of the present data. The beam 
energy definition in the range of this work is better than 0.08 MeV (see 
Chapter 3). 
• The energy loss due to the ^^C entrance foil in SOLITAIRE was measured. 
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before the start of the experiment using a beam, with an uncertainty of 
±0.05 MeV. 
• The target thicknesses were measured with an uncertainty up to ± 20 ^g/crri^, 
leading to an uncertainty in energy of it 0.05 MeV. 
• The target impurities have been measured for all the Ni targets used. They 
are reported in Chapter 3. 
• The average charge state of the ERs was determined experimentally for 
at Eiab = 240 MeV with an uncertainty of | < 2% 
(see Chapter 4), and extrapolated for other measured energies. 
• Simulations of the efficiency of SOLITAIRE indicate that systematic 
uncertainties due to assumptions in the charge state distribution of ERs 
proceeding from 58Ni+®°'®'^ Ni are below 3%. 
A comparison was performed with the most extensive sets of data available for 
several Ni+Ni reactions measured at different laboratories. 
In the following plots of the data, the excitation functions are displayed in both 
logarithmic and hnear scales to highlight their features at sub-barrier and above 
barrier energies. 
Figure 5.8 compares the different ER excitation function measurements for the 
reaction. Our cross sections do not agree with Beckerman's reported 
values [8]. If we offset those data by -0.7 MeV, the agreement is almost perfect over 
the entire energy range, as illustrated in Figure 5.8. 
At sub-barrier cross sections, Schicker's measurements [97] are consistent with 
others, within fairly large systematic uncertainties. This is a consequence of the 
large uncertainties in cross section and energy. However, these data show an unusual 
feature when GER is plotted on a linear scale. The cross sections up to the level of 
50 mb (corresponding to Ecm = 100 MeV) show a rising trend which suddenly 
changes above this level, leading to a deviation from the cross section values obtained 
in this work and by Beckerman. This behavior is repeated for the measurement of 
96 5. Fusion Excitation Functions: Analysis and Results 
1000 
100 
10 
E 
0.1 
0.01 
500 
400 
• • 
t . 
YT 
YI 
o This Work, Series 1 
• Tliis Worl<, Series 2 
• Thiis Work, Series 3 
• Beckerman ef a/.[8] 
V Beckerman ef a/. [8] 
(offset -0.7 MeV) 
+ Schickerefa/.[97] 
300 
E 
200 
100 
90 95 100 105 110 115 120 125 
Ecm (MeV) 
'"Ni+'-NI 
Tliis Work, Series 1 
This Work, Series 2 
This Work, Series 3 
Beckerman et a/. [8] 
Beckerman et a/. [8] 
(offset -0.7 IVIeV) 
Schicker efa/.[97] 
105 110 
Ec„ (MeV) 
115 120 125 
Figure 5.8: Measured fusion excitation functions on logarithmic (upper panel) 
and linear (lower panel) scales for the ^^Ni+^^Ni reaction from this work and 
from Beckerman et al. [8] (full symbols), Beckerman's data with an energy 
offset (open symbols), and from Schicker et al. [97]. See text for details. 
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the reaction by the same author at Ecm = 104.9 MeV, which corresponds 
to the Eiab = 200 MeV as in the previous case. Our belief is that this sudden 
change in the excitation function could be due to some systematic problem and 
not due to the physics of the reactions measured. Therefore, for later comparisons, 
data from reference [97] will be considered as two separate series: above and below 
Eiab = 200 MeV {E„n = 100 MeV for ^^Ni+^^Ni, and E^ m = 104.9 MeV for 
Figure 5.9 shows the fusion cross sections measured for in this work 
and from Stefanini et al [52], the latter measured at Laboratori Nazionali di Legnaro 
(LNL). Both series of data are in excellent agreement when a -0.9 MeV offset is 
applied to the LNL data. The same offset in energy is required to match the 
measurements for the other two Ni+Ni measurements in this work and, as we 
will see next, also to match the data for measured at Argonne National 
Laboratory (see Table 5.1). 
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The most remarkable observation from Figure 5.10, displaying all the reported 
data for asR measured for the reaction, is the wide variation of results 
between different works. The reaction has been measured by Ackermann 
et al. [98], Beckerman et al. [22] and in this work; and the inverse reaction ^''Ni+^^Ni 
by Beckerman et al. [22], Schicker et al. [97] and Rehm et al. [67. 
As in the case of Schicker's data [97] are in reasonable agreement 
with other measurements up to 105 MeV. Then the excitation function shows a 
sudden change in the trend as also seen for the ^^Ni+^^Ni reaction, the reason for 
this was discussed before. The data reported by Rehm et al. [67] show reasonable 
agreement only at below barrier cross sections; above the barrier the data of [67] 
fall significantly below all measurements. The reason for such a large discrepancy 
at above barrier energies is unclear. 
From Figure 5.11 we can observe that a good match between Ackermann's data 
(measured at LNL) [98] and ours at below-barrier energies can be achieved by 
applying an offset of -0.9 MeV to the cross sections of reference [98]. However, 
at above barrier energies, a better agreement is found with the unshifted data. This 
feature is seen also when fusion measurements from [98] are compared 
with the data of Jiang et al. [99], measured at Argonne National Laboratory (ANL). 
Similarly, comparing the data for the reactions from Beckerman et al. 
22] with this work and ^^Ni+ '^^ Ni data reported by Jiang et al. [99] (see Figure 
5.12), the differences are reduced when multiplying Beckerman's cross sections by a 
factor of 1.2. 
The fusion excitation function for the ^^Ni+^^Ni reaction was not measured in 
this work. However, similar discrepancies between different measurements exist 
for this reaction also. A comparison of the excitation functions measured in 
various laboratories gives insights into the observed discrepancies between our 
measurements and those of references [22, 98] for the reaction. The 
various measurements for the ^^Ni+ '^^ Ni system are presented in Figure 5.12. It is 
clear that: 
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• The data of Ackermann et al. [98] require an energy shift of -0.9 MeV to 
bring them into overall agreement with those from Jiang et al. [99 . 
• Cross sections measured by Beckerman et al. [22] require to be scaled by 1.2 
to bring them into agreement with those measured by Jiang et al. [99 . 
The above two corrections made to the data of references [98] and [22] are identical 
to that required to bring the data of the same references into agreement 
with our measurements. 
Summary 
In summary, the shapes of the excitation functions measured at various 
laboratories agree with each other within errors, but agreement of absolute values 
requires an overall energy shift < 1 MeV and/or a scaling of cross sections by up to 
20%. As discussed before, energy shifts can occur due to beam energy uncertainty 
or error in determining the target thickness. Differences in overall normalization 
could arise from errors in determination of the efficiency of the instrument used to 
separate and detect ERs. 
This analysis leads to the conclusions discussed below, and summarized in 
Table 5.1, where the most recent measurements (ANU, ANL) are considered as 
the reference. Values of ^ = 1 and A E = 0 mean no re-scaling of the data is 
needed either in cross section or energy. It will be observed in section 5.2.5 that the 
energy offset, determined here from a comparison of cross sections, applied to the 
58]\jj_|_60]^ j fusion data from reference [52] is validated when the experimental barrier 
distributions are compared. The cross section scaling factors determined are within 
the systematic uncertainties given for the earlier data. 
The experimental ER data for the reactions reported by Schicker 
et al. [97] have not been included in the Table 5.1 because of the large energy 
uncertainty {SELab = ±1-5 MeV), and for the system, the systematic 
uncertainty in cross sections is reported to be 30%. There is another set of 
measurements, reported by Rehm et al. [67], not included in Table 5.1. This is due 
to the sparse points measured in the region of interest. 
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Table 5.1: Conclusions obtained from the comparison of asR data measured 
at different laboratories: Australian National University (ANU), Argonne 
National Laboratory (ANL), Laboratori Nazionali di Legnaro (LNL) and 
Brookhaven National Laboratory (BNL). The normalization factor and the 
energy offset required to bring previous data into agreement with ANU data 
are given. 
\ Lab. 
Reaction \ ANU ANL LNL BNL 
58Ni+58Ni This Work 
AE= 0 
— — Ref. [8 
AE= -0.7 
58Ni+60Nj This Work 
AE= 0 
— Ref. [52] 
^=1.08, AE= -0.9 
— 
This Work 
e= l , AE^ 0 
— Ref. [98] 
AE= -0.9 
Ref. [22 
L2 
— Ref. [99] 
AE= 0 
Ref. [98] 
AE= -0.9 
Ref. [22 
1-2 
5.2.4 The experimental uncertainties 
The random uncertainties on the ER cross sections are important for defining 
the barrier distributions. The systematic uncertainties are less important since they 
only introduce a small shift in the normalization of the distribution and do not 
affect the definition of its overall shape. In fact, the addition of factors linearly 
dependent on energy do not affect the shape of the barrier distribution since their 
second derivative with respect to energy is zero. Hence, providing the systematic 
uncertainties are small, it is possible to evaluate the uncertainty on the second 
derivative using ER cross sections with their statistical uncertainties only. 
In the comparisons between the data and the calculations that follow, the 
uncertainties in the barrier distributions from the experimental data are determined 
from statistical uncertainties only. 
There is the probability of additional random uncertainty, impossible to quantify 
originating perhaps from human error in the instrumental operation to a fortuitous 
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bad response of the equipment. Sometimes it is possible to identify data points 
suffering from such errors through inspection of the correlation of several variables 
(e.g. a, cP{Ea)/dE^ and d^{Ea)/dE^). 
5.2.5 Fusion barrier distributions 
Near the highest energy measured for each system {Ecm ~ 115 MeV, well 
above the barrier region), the ER excitation function changes its gradient. This is 
associated with the start of competition from fission. The fusion barrier distributions 
for the systems were determined by taking the fusion cross sections 
to be equal to the ER cross sections. This is justified since the fission component 
is negligible in the range of energies relevant to extraction of the fusion barrier 
distribution. 
The barrier distribution is an extremely sensitive method of displaying the energy 
dependence of fusion. It should be noted that the experimental values of a jus 
utilized to extract d'^{Eafus)/dE'^ for every reaction come from the same experiment. 
Although the experimental procedures have been developed and refined, mixing 
diff'erent sets of data series (i.e. Series 1, 2 and 3) could introduce undesired 
consequences, such as more scattering, in the distribution of barriers. 
Selected points from the excitation function were remeasured following magnet 
recycUng. Occasional cross section values were found to deviate considerably ( 7%) 
from those expected from interpolation of the neighboring points. It is likely 
that these deviations are due to human error in following the intricate procedures 
in setting beam energies and focusing the beam. A test has been employed to 
determine the acceptance or rejection of such points in the excitation functions. The 
variable employed to make this choice is the first derivative, d {Eafus) /dE. The first 
derivative of Eafus with respect to the energy is proportional to the probability of 
transmission through the barriers. Hence, d {Eafus ) /dE is a monotonically growing 
function within the statistical uncertainties of the data. 
This gradient was determined from the data points using different energy steps. 
Errant data points are identified as those which show significant deviations from 
the general trend independent of the chosen step length. A further check was made 
by evaluating the quantity d'^{Eafus)/dE'^ for different energy intervals. The errant 
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points give values of (P{Eafus)/dE'^ which are clear outliers. A data point is rejected 
if values of d{Eafus)/dE and (P{Eafus)/dE'^ obtained using it are well outside the 
general trend. Six data points have been rejected, at the same two beam energies for 
each of the three targets. It was found that the rejected data points corresponded 
to data taken after the recovery from a failure of the cooling water system supply 
to the magnets, suggesting an incorrect beam energy. 
The barrier distributions {(P{Eafus)/dE'^) extracted for the three reactions 
measured are shown in Figure 5.13. The good agreement of the data from Series 
2 and 3 is clearly seen, with a few differences observed for the reaction 
treated in detail next. Figure 5.13 also shows the better defined barrier distributions 
from the present measurements compared with the one obtained from reference 
[52] for determined with similar energy steps ( « 2 MeV) in the point 
difference formula. 
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Detailed analysis of singular points of the excitation function 
The barrier distribution shapes extracted from Series 2 and 3 for the reaction 
are very similar up ~ 100 MeV, then there is a suggestion of a discrepancy 
at 102 - 104 MeV where Series 2 shows a peak, but Series 3 shows a dip. 
To check the consistency of the barrier distribution shape for both sets of 
data, they have been analyzed by verifying the correlation of GER, d{Ea)/dE and 
d'^{Ea)/dE'^ versus Ecm- Attention has been paid to the variation of a single aER 
point by up to two standard deviations, attributable to random error. It was found 
that the slight disagreement between the barrier distributions extracted, for the 
reaction from the Series 2 and 3 can be due to a single point of the 
excitation function. For example, for Series 2, the value of aER = 173.8 ± 1.5 mb at 
Ecm — 104.77 MeV affects three points of the barrier distribution which reflect the 
main discrepancies between the two series. The selection of this asR datum comes 
from the fact that the first derivative displays an abnormal behavior in the points 
affected by this energy. The first derivative curves were extracted for two different 
energy steps, of 1 and 2 MeV approximately, to link different aER values and easily 
point out the aER values scattered furthest from the true values. 
Decreasing this point by two standard deviations does not have a remarkable 
effect in the excitation function, as shown in Figure 5.14(a) with a red circle 
centered in the modified value {a + 26a for Ecm = 104.77 MeV). However, the first 
derivatives d{Ea)/dE (proportional to the probability of transmission through the 
barriers) become smoother near this energy (see Figure 5.14(b)). The three points 
of the barrier distribution using this aER value are modified in such way that both 
series agree better (see Figure 5.14(c)). However, several points with 2a deviation 
are expected, so the point was not rejected or modified. 
A data point with larger scatter from its likely true value was found in 
Series 3, data for In this case, the aER = 179.7 ± 1.3 mb measured 
at Ecm = 105.34 MeV is evidently a singular point, as highlighted in Figure 5.15. 
Following the same method as for the previous case, the correlation between aER, 
d(Ea)/dE and d^{Ea)/dE'^ versus Ecm identifies this point, showing an abnormal 
effect in d{Ea)/dE and too large a scatter in d'^{Ea)/dE'^ (see encircled symbols in 
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Figure 5.15(b) and (c)). These abnormal behaviors of the first and second derivatives 
vanish when the cross section is increased by four standard deviations 3%). The 
consequence of this is represented in Figure 5.15(a) by the center of the open circle, 
by the empty symbols in Figure 5.15(b) and by the three red symbols in Figure 
5.15(c). 
Since four standard deviations are needed to remove the abnormalities in the 
derivatives, the barrier distribution points derived from this energy are not used 
in the comparison with model calculations, shown in the next chapter. The cross 
section values hsted in Appendix A correspond to those measured, and no random 
errors other than statistical have been included in those Tables. 
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CHAPTER 6 
nterpretation of Results 
As discussed in Chapter 1, the fusion barrier distribution carries the same 
information as the excitation function. However, the barrier distributions can reveal, 
in a more transparent manner, the couphngs to the most important channels in 
the fusion process. In this Chapter, the fusion barrier distributions determined 
from the measured 58 j^_|_58,60,64]\^ j fusion excitation functions are compared with 
calculations performed with the coupled-channels code CCFULL. This is performed 
in order to investigate the role of multi-phonon couplings and different Q-value 
transfer channels in the fusion process. 
6.1 General considerations 
Average fusion barriers 
The nuclear potential is an essential input to the coupled-channels calculations. 
However, since the nuclear parameters are not sufficiently well known, a 
standard practice [31] is to adjust the nuclear potential parameters to match the 
experimentally determined average barrier. 
The average barrier BQ was extracted by fitting the above barrier excitation 
functions with a single-barrier penetration calculation using CCFULL [27]. Cross 
sections in the interval of 200 to 400 mb were used to eliminate sensitivity to 
the couplings and fission competition below and above the limits of this interval, 
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respectively. A Woods-Saxon form of the nuclear potential was used in the 
calculations. The diffuseness parameter was fixed at 0.65 fm, following the 
elastic scattering analysis for ^^Ni+^^Ni [95] and [100] (the choice of the 
diffuseness parameter is discussed further in the next paragraphs). The potential 
depth was fixed to -200 MeV and the radius parameter was varied to obtain fits to 
the data. The average fusion barriers obtained experimentally are listed in Table 
6.1 and shown in Figure 6.1. The barrier energies predicted by the Woods-Saxon 
parametrization of the Akyiiz-Winther potential [101], which are also shown in 
Figure 6.1 (and given in Table 6.1), are consistently « 1 MeV lower than those 
obtained experimentally. 
Table 6.1: Experimental average barriers BQ and the barrier energies pre-
dicted using a Woods-Saxon form of the Akyiiz-Winther potential BQ^ for 
the reactions. The parameters of the Woods-Saxon nuclear 
potential, used for the single barrier calculations using CCFULL, are also 
given. These parameters reproduce the BQ value determined experimentally. 
The barrier radius calculated using these parameters are given in the last 
column. 
r,(Expt) jdAW 
Parameters of single barrier calculation 
Reaction ao RB 
{MeV) {MeV) {MeV) {fm) {fm) {fm) 
98.63 ± 0.27 99.8 -200 0.65 1.103 10.73 
58Ni+60Ni 97.65 ± 0.19 98.8 -200 0.65 1.109 10.85 
96.68 ± 0.13 97.7 -200 0.65 1.110 10.97 
The experimental determination of BQ allows a comparison of the three measured 
excitation functions, as shown in Figure 6.2. There the energies have been 
divided by the experimentally determined average barrier energies and the cross 
sections are divided by 7ri?|, where the barrier radius RB was calculated using the 
Woods-Saxon nuclear potential parameters, given in Table 6.1, which reproduce the 
experimental BQ. 
6.1. General considerations 115 
101 
^ 100 > 
0 
t r 99 0) 
CD 
m 
c 
o 
w 
LL 
0} O) 
E 
< 
98 -
97 -
96 
115 
• Experimental 
o A-W Prediction 
116 117 118 119 120 121 122 123 
C N 
Figure 6.1: Experimental average barriers BQ obtained in this work 
and the fusion barriers BQ^ predicted using Woods-Saxon form of the 
Akyiiz-Winther potential versus the mass of the compound nucleus formed in 
the 58Ni_^58,60,64Ni reactions. 
It is clear from Figure 6.2 that the reduced excitation functions of the three 
systems are in good agreement at energies above the barrier; they differ at higher 
energies 1.2Bo) as fission starts becoming a significant decay mode. At near 
and below barrier energies, the reduced cross excitation functions for 
and he almost on top of each other. This indicates that the fusion 
enhancement from the combination of vibrational and transfer couplings is very 
similar. 
The excitation energies and similar B(E\) T values of the lowest vibrational 
states for the ^^Ni and ®°Ni nuclei are similar (see Table 6.2). This fact, and the 
observed similarity of the reduced fusion excitation functions suggests that the effect 
of couplings to transfer channels is almost identical for these two systems. 
The reduced excitation function shows enhancement of the cross 
section with respect to the other two systems at sub-barrier energies. This 
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Figure 6.2: Reduced ER excitation functions for the 58Nj_,_58,60,64]^ j reactions 
measured in this work. The experimental excitation functions for the same 
reaction and from different collection periods are displayed with the same 
symbol. See text for details. 
observation is consistent with that of Beckerman et al. [102], who measured the 
58^1+58^1 and systems [8, 22]. The difference was at t r ibuted to the 
effect of couplings to the two positive Q-value transfer channels for the 
system. 
Coupled-channels calculations 
All three isotopes of nickel used in this work have a vibrational spectrum of states 
103, 104]. They have very similar level schemes, with a low-lying A'^  = 2+ state 
and a triplet of states A'^  = 0+, 2+, 4+, associated with excitations of quadrupole 
phonons, located at about twice the energy of the first excited A" = 2"^  level, with 
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Table 6.2: Lowest 2+ and 3" states for the 58,60,64]^ j isotopes. Adopted 
values of B{EX) | and f3x values calculated for a radius of each nucleus 
R = 1.2^1/3 fm. are listed. 
Nucleus E* B{EX) T Px Reference 
{MeV) {e^b^) 
58Ni 2+ 1.454 0.0695 0.183 104; 
3 " 4.475 0.0176 0.198 [105] 
60Ni 2+ 1.332 0.0933 0.207 104] 
3 " 4.039 0.021 0.209 105; 
64Ni 2+ 1.345 0.076 0.179 [104] 
3 " 3.560 0.022 0.230 [105] 
small variations from one isotope to the other. Also, they have a 3 state associated 
with octupole vibration, at almost three times the energy of the first 2+ state (see 
Table 6.2). 
Previous works attempted to describe the fusion excitation functions for the 
58,64j^ tj_|_58,64]sjj reactions measured by Beckerman et al. [8, 22, 102] by analyzing 
the effects of coupling to these low-lying quadrupole and octupole states and their 
mutual excitations [106, 107, 108, 109]. Other works have proposed that the 
differences in the fusion excitation functions of the reactions would 
be mainly explained by their probabilities for nucleon transfer [24, 45, 102 . 
Until the present work, an experimental distribution of fusion barriers was only 
available for the system These data were measured and theoretically 
reproduced by Stefanini et al. including double-phonon quadrupole excitations in 
each nucleus [52]. In this publication, the CC description of the experimental data 
was performed with a large diffuseness value ao = 0.9 fm and no transfer channel 
was considered. 
Table 6.3 shows the ground-state transfer Q-values expected for the 
58f^ j_)_58,60,64jsjj reactions. For the reaction, single proton and neutron 
transfers, pair transfers and alpha transfers all have negative Q-values. For the 
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reaction, all transfer reactions, except the two-neutron pickup transfer 
((5 = 0), have negative Q-values. The reaction has a two-proton stripping 
and a two-neutron pickup transfer reaction having positive Q-values of 2.688 MeV 
and 3.893 MeV respectively. 
Table 6.3: Summary of ground states Q-values (in MeV) for the 
58Nj_^ 58,60,64Ni reactions. 
58Ni+60Ni 
Q (In) pickup -3.219 -2.388 -0.657 
Q (In) striping -3.219 -4.399 -6.121 
Q (Ip) pickup -4.625 -5.987 -9.004 
Q (Ip) striping -4.625 -3.244 -0.592 
Q (2n) pickup -2.078 0.000 3.893 
Q (2n) striping -2.078 -4.048 -7.400 
Q (2p) pickup -5.144 -7.845 -13.710 
Q (2p) striping -5.144 -2.409 2.688 
Q {a) pickup -2.513 -2.409 -4.242 
Q (a) striping -2.513 -1.930 -0.558 
Unfortunately, there is sparse experimental measurements for these transfer 
reactions, and there is no consistent understanding of the role of the multi-phonon 
couplings and transfer effects for the 58]\^ j_|_58,6o,64j^ j reactions. One of the 
motivations for the choice of these reactions for the barrier distribution 
measurements was to investigate whether they all show similar features originating 
from multi-phonon couphngs as found for and whether there are 
systematic changes to the distributions reflecting the progression from negative 
Q-value to positive Q-value transfer channels. 
CC calculations were performed for these reactions in order to describe the shape 
of experimental barrier distributions. These calculations were performed with a 
modified version of the code CCFULL [27], which allows simultaneous quadrupole 
and octupole excitations for both nuclei, target and projectile. The code CCFULL 
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takes full account of the finite excitation energies of the states and treats multiple 
phonon couplings in the harmonic hmit. Since 58,60,64j^ j nuclei have similar nuclear 
structure, the optimal CC description is expected to have a similar phonon coupling 
scheme for the three reactions. 
There are a number of uncertainties involved in CC analyses of inelastic 
scattering and fusion [92, 110]. Therefore, the following considerations have been 
made: 
• Nowadays, it is widely known that the fusion excitation function cannot 
be described at the same time in the sub-barrier and above barrier 
regions with the same value of diffuseness [26, 111]. Also, the diffuseness 
parameter obtained from elastic scattering data does not match that 
obtained from above barrier data, and it is not consistent with deep 
sub-barrier measurements. It is currently believed that these inconsistencies 
could be due to the nuclear potential inside the barrier being different 
from the Wood-Saxon form and/or due to dissipative effects leading 
to loss of coherence [26]. Recent experimental results of quasi-elastic 
scattering [111, 112, 95] are consistent with a diffuseness in the range of 
0.6 - 0.7 fm for the tail of the nuclear potential. All these considerations lead 
us to believe that diffuseness values in the range of 0.6 — 0.7 fm, which best 
describes the tail of the nuclear potential, is most appropriate for calculating 
the couphngs at the barrier radius (couplings at the barrier affect fusion most 
significantly). Since this thesis is aimed at investigating near barrier fusion, 
a value of diffuseness OQ = 0.65 fm is used. This is based on analysis of the 
elastic scattering of [100] and the more recent Mott scattering data 
for [95]. However, calculations varying OQ from 0.62 to 0.67 fm 
resulted in negligible difference in the barrier distribution. 
• The choice of a diffuseness value of 0.65 /m comes at the expense of 
over-predicting the fusion cross sections, both around and above the barrier, 
where systematics predict a value of around 1 fm. would be required [96, 52 . 
A larger diffuseness results in a lower RB and hence a lower value of 7ri?|. The 
latter quantity is related to the area under the barrier distribution and hence 
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the area calculated using ao = 1 fm will be lower (but better matched to data) 
than that for ao = 0.65 fm. Since, as explained above, the diffuseness value 
is fixed to be 0.65 fm, it is expected that the calculated barrier distributions 
will be higher in magnitude than the experimental barrier distributions. In 
this thesis, we will therefore concentrate only on reproducing the shape of the 
barrier distributions using various coupling schemes. 
• A deep potential Vo = -200 MeV was employed in the calculations. The 
value of potential was chosen to make sure that the incoming wave boundary 
condition (equation (1.21)) could be applied appropriately at the bottom of 
the potential pocket, especially for calculations including couplings and at 
high energies. 
• The average barrier for the calculations changes slightly when couplings are 
included. We maintain the same experimental average barrier by adjusting the 
radius parameter TQ. This means that the potential parameters are adjusted 
for each different coupling scheme to maintain the average barrier, and hence 
the fit to the high energy data. 
• The deformation parameters Px associated with a transition of multipolarity 
A in a nucleus are taken to be the same for Coulomb and nuclear couplings 
(/?f = Px)- No optimization of these parameters was performed. They were 
calculated from the experimental electromagnetic transition probabilities 
B{EX) T as follows, 
ATT B{EX)] 
where Z and R are the charge and radius of the nucleus (target or projectile). 
The radius is taken tohe R = r^A^/^, using r„ = 1.2 fm, and the deformation 
parameters Px are given in Table 6.2 for this value of r„. The basis on 
which the value of r„ is decided is still not well established in the nuclear 
physics community. Some works have performed CC analyses with a value of 
r„ = 1.06 fm, with = [113] or p^ slightly different from pf [52]; 
others have used r„ = 1.2 fm [92, 114]. The correct value to chose for r„ is 
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not currently known. In this thesis, the calculations have been done varying 
r„ from 1.0 to 1.2 fm to check its effect on the calculated barrier distributions. 
With the above procedure, several coupling schemes were explored, including 
all possible mutual excitations of the projectile and target nuclei, to compare with 
the experimental barrier distributions. No re-normalization or re-scahng of the data 
was made. The particular details for each reaction are presented separately. 
The reaction is the first system investigated. Later, the effects of 
similar coupling schemes are explored for the system, and the present 
results are compared with the barrier distribution reported in reference [52], and 
finally the symmetric reaction is studied. 
6.2 Reactions studied 
6.2.1 The reaction 
The average fusion barrier for reaction is BQ = 96.68 ± 0.13 MeV, 
as determined using cross section values between 200 and 400 mh. The barrier 
distributions extracted from the experimental data are shown in Figure 6.3 with the 
full symbols. The general features of the barrier distributions extracted from the 
data Series 2 and 3, such as the height of the peaks and overall shape, are in good 
qualitative agreement. 
The experimental barrier distributions exhibit a shoulder in the low energy region 
and two peaks of similar height at approximately 95 MeV and 100 MeV. At energies 
above ~ 104 MeV the data show some scatter, generally consistent with the error 
bars. In this section, we focus attention on the barrier distribution region, between 
88 to 104 MeV. 
The barrier distributions coupling to the one-, two- and three-phonon states in 
each nucleus, considering only quadupole vibrational modes and including all mutual 
excitations, denoted as IPH, 2PH and 3PH respectively, are shown in Figure 6.3. 
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Figure 6.3: Fusion barrier distributions obtained from CC calculations (lines) 
compared with the ^^Ni+ '^^ Ni experimental barrier distributions obtained in 
this work (circles). Calculations considering one-, two- and three-quadrupole 
phonon couphngs in each nucleus are illustrated by lines, denoted as IPH, 
2PH and 3PH, respectively. 
The theoretical curves are generated by the same point difference formula (5.13) as 
the data using a similar energy step {AE « 2 MeV). 
The effect of including one phonon in each nucleus, IPH, gives rise to three 
main barriers of appreciable weight, consisting of one major central peak at 
97 MeV and a secondary to each side. Including another quadrupole phonon state 
for the projectile and target {2PH) brings the two lower peaks closer, and produces 
a shoulder at ~ 102 MeV. When couplings up to the third phonon excitation are 
included in both nuclei {3PH) the two main barriers observed previously are even 
closer and the shoulder at ~ 102 MeV almost vanishes. None of these calculations 
including only couplings to quadrupole vibrations gives a satisfactory description of 
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the experimental data. 
The effects of varying r„ = 1.0, 1.1 and 1.2 fm are shown in Figure 6.4 for 
the 2PH case. These calculations do not improve the agreement with the data 
significantly. 
700 
600 
500 
> 0) 
2 400 
.Q 
E 300 
LU 
LU 
100 
-100 
85 
'"Ni+^Ni 
• 
Series 2 
Series 3 
2PH (r„=1.2 fm) 
2PH (r„=1.1 fm) 
2PH (r„=1.0fm) 
110 
(MeV) 
Figure 6.4: Fusion barrier distributions obtained from CC calculations (lines) 
compared with the experimental barrier distributions obtained in 
this work (circles). CC calculations consider two-quadrupole phonon cou-
plings in each nucleus {2PH), for different r„ values. 
The first octupole state has been predicted to play an important role in 
58^1^58,64f^j fusion [106, 107, 107, 108, 109]. Consequently, couplings to the first 
octupole states were included in the calculations. The results of considering IPH 
and 2PH and the octupole state, including all mutual couplings, denoted by 
IPH + 3 " and 2PH + 3 " , are shown in Figure 6.5 with the previous calculations 
shown by dashed lines. The inclusion of the 3 ' state in the calculations does 
not alter the theoretical barrier distribution dramatically, the resultant effect is 
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a redistribution of barrier weights, and lowering of the energies of the two main 
barriers. 
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Figure 6.5: Fusion barrier distributions obtained from CC calculations includ-
ing quadrupole and octupole excitations (lines) compared with the 
experimental barrier distributions obtained in this work (circles). See text for 
details. 
As can be observed, the calculated barrier distributions reproduce reasonably 
the width of the experimental distributions. However, none of the calculations 
performed are able to reproduce the features of the experimental data in detail. 
Previous studies demonstrated that in this reaction there are two very strong 
transfer channels, observed in elastic and quasi-elastic measurements [46, 47, 115 . 
Wiggins et al. [46], and later Rehm et al. [47], measured the one-nucleon transfer 
cross section, Rehm also measured the two-neutron transfer cross section. Prom 
these results, Rehm concluded that the total transfer cross section was comparable 
and even higher, depending on the energy, than the fusion cross section in the 
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vicinity of the fusion barrier. At Ecm = 100 MeV, the total transfer cross section 
(considering one- and two-neutron transfer) is more than twice the fusion cross 
section [47]. 
It is thus hkely that couphngs to transfer channels affect the fusion process, 
and should be included to get a satisfactory description of the experimental 
barrier distributions. However, CCFULL only treats couplings to transfer channels 
approximately. Calculations using the coupled channels code FRESCO [116] are 
more appropriate. FRESCO is a complex code and requires a substantial investment 
in time to get physically meaningful results. Therefore FRESCO calculations have 
not been attempted in this thesis. 
6.2.2 The reaction 
The average fusion barrier height extracted from the reaction 
measurements is BQ = 97.65 ± 0.19 MeV. It was determined by using only values 
of a^ji between 170 and 350 mb. 
The experimental fusion excitation functions for the reaction from 
Series 2 and 3 of measurements showed some differences, which were shown to be 
due to a random error in a single cross section value for each series, as detailed in 
section 5.2.5. The barrier distribution points affected by the singular cross section 
value from the Series 2 are shown as circled points in the subsequent plots. The 
points using by the singular cross section value from Series 3 are not displayed, as 
the errant point appears to need a large correction of ~ 3% of the cross section 
value. 
The barrier distributions from this work are shown in Figure 6.6 along with those 
measured previously by Stefanini et al. [52], Our data qualitatively agree with that 
of Ref. [52], but the structure (and scatter of points) is not as pronounced. 
The calculations were performed considering the same coupling schemes as for 
the case. The calculations which qualitatively match the features of 
the experimental distributions are shown in Figure 6.6, corresponding to the one 
quadrupole phonon scheme IPH and the same scheme plus the octupole excitation 
iP i^ + 3". There, with the IPH calculation, the high energy shoulder and barrier 
at ~ 98 MeV are reproduced, although instead of the low energy shoulder near 
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Figure 6.6: Barrier distributions obtained from CC calculations considering 
only the first quadrupole excitations {IPH) and the first quadrupole and 
octnpole excitations {IPH + 3"), compared with the experimental barrier 
distributions obtained for the reaction in this work (full symbols) 
and from reference [52] (open symbols). See text for more details. 
95 MeV there is a barrier with higher weight in the calculation. The inclusion of 
the 3~ state in the calculation does not significantly alter the theoretical barrier 
distribution and only results in a ~ 1 MeV shift to lower energies and a slight 
redistribution of barrier weights. Agreement with data is not improved when 
calculations are done progressively including two quadrupole phonons (2PH) and 
one octupole phonon {2PH + 3" ) as shown in Figure 6.7. The barrier weights at 
pa 95 MeV and ~ 98 MeV are inverted in the calculation, compared with the 
experiment. 
It should be noted that all the intermediate coupling schemes, taking a different 
multiplicity of phonon states in the target compared with the projectile, were 
explored but are not shown. The barrier distributions obtained from those 
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Figure 6.7: Barrier distributions obtained from CC calculations considering 
only the two quadrupole excitations { 2 P H ) and the two quadrupole and first 
octupole excitations {2PH + 3~), compared with the experimental barrier 
distributions obtained for the reaction in this work (full symbols) 
and from reference [52] (open symbols). See text for more details. 
calculations do not show major differences with the barrier distribution shapes 
presented in Figure 6.7. 
In reference [52], the data were very well reproduced by coupled-channels 
calculations including couplings to two quadrupole phonon states and a nuclear 
diffuseness parameter of 0.9 fm. These calculations were performed using a code, 
developed by Rowley et ai, which was a predecessor to the code CCFULL. However, 
we have been unable to reproduce these calculations, despite using the same 
couplings and potential parameters as given in Ref. [52]. The inability to reproduce 
the calculations of Ref. [52] is confirmed by other authors [117]. In any case, the 
calculated barrier distribution of Ref. [52], which described the data there would 
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not describe the data from the present work, as there are significant differences in 
the barrier distribution of Ref. [52] and this work, particularly at Ecm > 100 MeV. 
The barrier distributions calculated with CCFULL are unable to describe the 
detailed behavior of the present experimental data. This could indicate that a 
substantial component, not yet identified, is missing in the description of the 
reaction. This could be due partially to the effect of anharmonicity of the excited 
states or due to effects of the two-neutron elastic transfer channel (Q = 0) observed 
by Sugiyama et al. [100], which is not considered in these calculations. 
6.2.3 T h e ^^Ni+^^Ni reaction 
The experimental average barrier of BQ = 98.63 ± 0.27 MeV was obtained 
using cross sections between 170 and 300 mb. The experimental barrier distribution 
presented in Figure 6.8 shows that the data from the Series 3 are more scattered 
than the other set of measurements, perhaps as consequence of the target with gold 
in one face being used for Series 3 of measurements. 
The same coupling schemes considered for and were used 
in calculations for comparison with the ^^Ni+^^Ni reaction. As in the other two 
reactions, the shape of the experimental barrier distribution could not be reproduced 
by the calculations as shown in Figure 6.8. The couplings to the quadrupole states, 
whilst getting the width correctly, fail to describe the features of the experimental 
structures. The coupling schemes IPH + 3" (not shown here) and 2PH + 3" also 
fail to reproduce the data. 
For this reaction, two predominant transfer channels have been measured by 
Rehm et al. [47] in the vicinity of the fusion barrier. For one- and two-neutron 
transfer, Q-values of about -3 MeV and -1 MeV were found, respectively. The 
results of these measurements agree with earlier measurements from Wiggins et 
al. [46] for one-nucleon transfer over a similar range of near barrier energies, 
while two-nucleon transfer was not observed. As explained previously, FRESCO 
calculations including transfer have not been attempted here. 
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Figure 6.8: Barrier distributions obtained from a one- and two-phonon cou-
pling scheme calculations, considering only quadrupole excitations, compared 
with the experimental barrier distributions obtained in this work for the 
58]\^ j_).58jsjj reaction (circles). See text for details. 
6.3 Summary 
The method of extracting the fusion barrier distributions from the second 
derivative of the excitation function (P{Ea)/dE'^ [13] has been a major breakthrough 
in understanding the intimate links between nuclear structure and reaction 
dynamics. However, treating nucleon-transfer couphngs correctly in the theoretical 
models to predict their effects in the vicinity of near- and sub-barrier fusion cross 
sections remains a challenge. 
Within the standard CC approach, the barrier distributions for ssNi+^^'^^'^^Ni 
were theoretically revisited. Reproducing the new fusion data has proven to 
be more difficult than expected, and no satisfactory theoretical explanation of 
these experimental fusion barrier distributions using multi-phonon couplings to 
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quadrupole and octupole vibrational states, could be obtained with CCFULL thus 
far. Further calculations are required to reach a better understanding. 
Unfortunately it was not possible to include transfer reactions in the analysis 
because CCFULL does not treat coupling to these channels realistically. The 
low energy cross sections, well below the average barrier, are especially sensitive 
to transfer reactions with positive Q-value. However, differences in the barrier 
distribution structures may have been expected between the three reactions due 
to the presence of transfer channels with Q < 0 (^^Ni+^^Ni), Q ^ 0 (5^Ni+®°Ni) 
and Q > 0 Interestingly no striking differences have been observed 
experimentally. Above the average barrier energies, the change in the barrier 
distribution structure for the different reactions remains to be explained. 
It will be necessary in the future to include the realistic treatment of transfer 
channels (as in the code FRESCO [116]) and the effect of considering anharmonicity 
of the vibrational structure of each nucleus. The treatment of the data including 
both effects, transfer and anharmonicity, have not been possible within the time 
scale of this work. 
CHAPTER 7 
Summary and Conclusions 
This thesis describes the development of an innovative and powerful tool 
for fusion measurements. This new fusion product separator, SOLITAIRE, has 
been employed to measure fusion cross sections with the aim of extending our 
understanding of the nuclear fusion phenomena. Measurements were performed 
on the systems employing nickel isotopes as projectile and target: 
with precision never achieved before. 
This chapter summarizes the results, analysis and interpretations presented in 
the previous chapters. It has been divided into the following sections: 
7.1 Characterization and optimization of SOLITAIRE 
7.2 The reactions 
7.1 Development and characterization of SOLITAIRE 
During this thesis work, the development of a valuable and innovative tool, the 
novel heavy-ion spectrometer SOLITAIRE, has been successfully completed. This 
unique spectromter is used for rapid measurement of high precision fusion cross 
sections for heavy-ion induced reactions. Several goals were achieved: 
The pressure and the type of gas used in the gas-filled magnetic field region 
were studied and optimized. Helium gas at 1 Torr was found to be the most 
suitable for studies of fusion for near mass-symmetric systems. 
1 3 1 
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• Operational methods, like beam tuning procedures, have been developed and 
successfully optimized. 
• The measurements performed with SOLITAIRE, through direct detection of 
the ERs, have been demonstrated to be precise, reliable and consistent when 
using different arrangements of detectors. Three post-solenoid arrangements 
of detectors were tested, a single MWPC, two MWPCs in coincidence, and a 
silicon detector. With a single MWPC the limit for the lowest evaporation 
residue cross section measured corresponded to ~0.1 mb for the symmetric 
^^Ni+^^Ni and near-symmetric 58Ni_^6o,64]sjj reactions. Two MWPCs in 
coincidence mode results in the lowest background and hence is the best option 
for direct detection of evaporation residues. For this configuration, the lowest 
cross section measured was ~0.01 mb for the reaction. It should 
be noted that this does not represent the limiting cross section that can be 
measured with SOLITAIRE. Measurement of lower cross sections is possible, 
but was not pursued in this thesis. 
• Parallel to this project, the code SohX has been developed by another member 
of the group, and its predictions have been contrasted and verified during 
this work with experimental data collected with SOLITAIRE. Through these 
experimental and simulated data, phenomenological charge state predictions 
for ions interacting with low pressure helium gas could be tested. 
• Two accepted phenomenological models for the heavy-ions charge state 
equilibration were compared with experimental data for a range of heavy ions 
(with 56 < Z < 70) interacting with low pressure helium gas. The findings 
of this study have shown that those phenomenological predictions are not 
accurate enough for the ERs studied in this work, but they can be employed 
to estimate upper [70] and lower [90] limits for q. 
• The accuracy of the simulation code SoliX in predicting the transmission of 
ERs, with the ER angular distribution deduced from position spectra as input, 
was demonstrated using the "^^ S-I-^ ^Y reaction. 
• The method to determine the ER cross sections was vahdated by comparing 
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the ER angular distribution and asR for the "^^ S+^ ^Y reaction with the 
previous measurements for this system made at the ANU by Mukherjee et 
al, using ANU's compact velocity filter. 
• The unique capabilities of SOLITAIRE combined with the code SoliX have 
been successfully proven with: (z) measurement of ER angular distributions 
from a single measurement with the position sensitive MWPC, and {ii) precise 
measurement of evaporation residue cross sections. These were achieved 
for the symmetric near-symmetric asymmetric 
34g^89Y reactions. 
Since starting this work, a wide spectrum of possibilities have opened up 
for SOLITAIRE, not only for fusion measurements, but also for gamma-ray 
spectroscopy of short-lived isomers [118], production of radioactive beams at the 
ANU [119] and there are plans to use it for implantation of radioactive species into 
different materials [120 . 
7 . 2 T h e 58^^^58,60,64^^ r e a c t i o n s 
The experimental effort towards obtaining precisely measured fusion cross 
sections has been extremely successful, with one of the main outcomes being the 
ability to extract experimental fusion barrier distributions for the 
reactions. The main features of the measurements and their analyses are: 
• The measured evaporation residue angular distributions, for the 
reactions show a smooth variation with the beam energy. 
• The fusion excitation functions have been successfuhy measured for the 
reactions 58^1+58,60,around the fusion barrier. The reaction 
was measured for energies 0.92 < E/BQ < 1.25, the ^^Ni+^ONi reaction for 
0.92 < E/BO < 1.28, and the reaction for 0.90 < E/BQ < 1.33. 
All cross sections were normalized using Rutherford scattering cross sections 
measured in four monitor detectors symmetrically placed at an angle of 18° 
with respect to the beam direction. In the case of elastic scattering of identical 
nuclei corrections were made for Mott scattering. 
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• The relative fusion cross sections for the 58,60,64 -^ gygtems measured at 
various laboratories are in reasonable agreement our results, but agreement of 
absolute values requires overall energy shifts of < 1 MeV and/or a scaling of 
cross sections by up to 20%. 
• The experimental barrier distributions for the reaction were better 
defined than previously published data, and the barrier distributions for 
58f^ j_l_58]\jj g j^^ j were measured for the first time. 
• The barrier distributions resulting from including coupling to one-, two-
and three-phonons in each nuclei, and intermediate combinations, were 
investigated. A satisfactory description of the fusion barrier distributions for 
the 58]\^ j_|_58,60,64]v^ j reactions including the low lying quadrupole and octupole 
vibrational states could not be achieved using the coupled channels code 
CCFULL. 
Prior to these studies the fusion of was thought to be fully explained 
using multi-phonon couplings and it was the expectation that fusion of ^^Ni+^^Ni 
and ^^Ni+^'^Ni could also be explained using multi-phonon couplings and transfer 
couphngs. This work shows that the picture is not so clear-cut and explanation 
of the fusion barrier distributions for these three systems is far from finalized. A 
consistent theoretical description of the fusion cross section and barrier distribution 
for the three systems, measured measured here in the same laboratory, is a major 
challenge. The author expects that (multi-)nucleon transfer will play a significant 
role and further advances will rely on the ability to perform realistic calculations 
including transfer channels. 
APPENDIX A 
Tabulated Data 
A.l The fusion cross sections 
The ER cross sections for all three reactions between nickel isotopes are listed in 
this appendix. Each set of values corresponding to different data collection period 
is presented separately. Identical data set name for different reactions denotes the 
same data collection period. 
The uncertainties quoted correspond to the statistical uncertainties only. The 
beam energies have been corrected for energy losses in the ""'C entrance foil, the 
gas cell and in each target. The ER cross sections for the and 
reactions have been corrected for nickel isotopic impurities in the target (see section 
5.1.3 for more details). 
The ER cross sections determined using methods detailed in Chapter 5, are given 
in the following tables. 
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Table A.l: The measured ER cross sections for the reaction ^^Ni+^^Ni from 
Series 1. The energies have been corrected for energy losses in the 
entrance foil, the gas cell and in the target foil. Only statistical uncertainties 
are given. 
58Ni+58Ni (Series 1) 
Ecm (^ER (5a 
{MeV) (mb) {mb) 
93.88 0.878 0.051 
95.85 7.13 0.43 
97.85 22.5 1.7 
99.86 49.1 4.7 
101.86 78.8 7.0 
103.87 134.9 5.5 
105.87 179.9 7.0 
107.87 229.2 3.8 
108.88 253.3 9.1 
109.88 263.1 5.2 
115.89 387.1 15.8 
119.93 426.1 12.1 
123.91 439.5 6.9 
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Table A.2: The measured ER cross sections for the reaction from 
Series 2. The energies have been corrected for energy losses in the ""^C 
entrance foil, the gas cell and in the target foil. Only statistical uncertainties 
are given. 
Ni (Series 2) 
Ecm O'ER Sa Ecm f^ER 6a 
{MeV) {mb) {mb) {MeV) {mb) {mb) 
92.02 0.129 0.029 111.10 275.1 2.4 
93.02 0.480 0.046 115.12 345.0 2.7 
94.03 1.79 0.10 119.13 402.4 3.3 
95.03 4.86 0.18 123.15 428.4 3.3 
96.03 9.65 0.21 
97.04 16.64 0.28 
98.04 25.40 0.39 
99.05 35.75 0.54 
100.05 52.20 0.66 
101.06 67.50 0.82 
102.06 86.80 0.96 
102.27 88.30 0.75 
103.07 107.1 1.2 
104.07 128.2 1.3 
105.07 154.0 1.4 
106.08 174.0 1.4 
107.08 194.7 1.6 
108.09 216.4 1.8 
109.09 232.1 1.8 
110.09 262.0 3.0 
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Table A.3: The measured ER cross sections for the reaction from 
Series 3. The energies have been corrected for energy losses in the 
entrance foil, the gas cell and in the target foil. Only statistical uncertainties 
are given. 
58Ni+58Ni (Series 3) 
•E'cm (^ER Ecm (^ER Sa 
(MeV) (m6) [mh) [MeV) (mb) [mb) 
92.41 0.122 0.012 107.50 200.8 1.7 
92.57 0.168 0.043 108.50 223.6 1.9 
92.57 0.159 0.015 109.52 243.6 2.0 
93.57 0.639 0.063 110.51 269.5 2.1 
94.42 2.59 0.11 111.53 287.7 2.3 
94.58 2.51 0.09 112.52 302.9 2.2 
95.58 6.43 0.17 113.52 323.1 2.5 
96.43 11.26 0.26 114.52 335.8 2.5 
96.59 12.17 0.18 115.53 355.3 2.5 
97.45 19.51 0.28 116.52 365.8 2.4 
97.61 20.32 0.32 117.52 383.1 2.6 
98.44 31.68 0.59 
99.45 43.55 0.63 
100.46 58.91 0.69 
101.46 74.07 0.94 
102.47 90.87 0.71 
103.47 112.0 0.8 
104.48 135.1 1.2 
105.50 162.3 1.3 
106.49 187.4 1.6 
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Table A.4: The measured ER cross sections for the reaction from 
Series 1. The energies have been corrected for energy losses in the ""'C 
entrance foil, the gas cell and in the target foil. Only statistical uncertainties 
are given. 
58Ni+60Ni (Series 1) 
Ecm (^ER 6o 
{MeV) {mh) {mb) 
91.31 0.131 0.007 
93.35 1.521 0.077 
95.43 9.82 0.42 
97.42 26.2 1.3 
99.46 55.7 3.5 
101.50 96.1 5.3 
103.54 131.0 9.8 
105.58 200.3 8.8 
107.62 253.1 10.5 
109.65 282.3 15.5 
111.70 339.7 7.4 
113.73 375.1 16.5 
117.81 418.6 3.2 
121.92 467.8 17.8 
125.97 472.4 13.6 
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Table A.5: The measured ER cross sections for the reaction from 
Series 2. The energies have been corrected for energy losses in the ""^C 
entrance foil, the gas cell and in the target foil. Only statistical uncertainties 
are given. 
58Ni+60Ni (Series 2) 
Ecm (^ER (5a Ecm (^ER (5C7 
(MeV) {mb) {mb) {MeV) {mb) {mb) 
91.48 0.247 0.039 110.89 302.8 2.3 
92.51 1.10 0.10 111.91 327.9 2.6 
93.53 3.44 0.13 112.93 340.1 2.7 
94.55 7.79 0.21 117.02 402.0 3.0 
95.57 14.08 0.26 121.10 446.7 3.5 
96.59 23.47 0.44 125.19 459.7 3.5 
97.61 33.97 0.40 
98.61 47.51 0.45 
99.66 64.98 0.54 
100.68 84.54 0.92 
101.70 103.5 1.0 
102.72 125.1 1.2 
103.74 148.6 1.3 
103.96 152.4 1.1 
104.77 173.8 1.5 
105.78 196.0 1.4 
106.81 218.2 1.8 
107.83 242.4 1.9 
108.85 257.6 1.9 
109.87 280.4 2.2 
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Table A.6: The measured ER cross sections for the reaction from 
Series 3. The energies have been corrected for energy losses in the 
entrance foil, the gas cell and in the target foil. Only statistical imcertainties 
are given. 
(Series 3) 
Ecm (^ER Sa Ecm (^ER 5a 
{MeV) {mb) [mb) {MeV) {mb) {mb) 
91.02 0.049 0.006 111.50 313.0 1.8 
92.04 0.405 0.022 112.50 333.8 8.5 
93.07 1.70 0.05 113.53 348.8 2.8 
94.09 4.78 0.13 114.55 367.2 2.7 
95.11 10.36 0.17 115.56 380.3 2.7 
96.14 17.61 0.25 116.58 398.5 3.1 
97.16 27.18 0.44 117.59 406.4 2.8 
98.18 39.99 0.40 118.61 422.7 2.7 
99.22 55.48 0.39 119.63 428.2 3.0 
100.23 75.56 0.82 120.65 432.5 3.6 
101.25 94.5 1.4 
102.28 116.5 1.1 
103.29 138.9 1.4 
104.32 161.1 1.1 
105.34 179.7 1.3 
106.37 208.5 1.5 
107.40 231.8 1.6 
108.41 255.7 1.9 
109.43 275.7 1.4 
110.46 294.9 2.4 
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Table A.7: The measured ER cross sections for the reaction from 
Series 1. The energies have been corrected for energy losses in the 
entrance foil, the gas cell and in the target foil. Only statistical uncertainties 
are given. 
(Series 1) 
Ecm O'ER 5a 
{MeV) {mb) [mb) 
94.22 13.5 0.7 
96.33 36 2 
98.47 71 4 
100.53 112 5 
102.64 165 11 
104.74 226 11 
106.84 256 3 
106.84 258 17 
108.95 328 9 
111.05 379 20 
113.15 420 11 
113.15 429 24 
115.26 462 8 
117.36 511 17 
121.57 558 18 
125.80 569 15 
129.98 583 19 
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Table A.8: The measured ER cross sections for the reaction ^^Ni+^^Ni from 
Series 2. The energies have been corrected for energy losses in the 
entrance foil, the gas cell and in the target foil. Only statistical uncertainties 
are given. 
Ecm (^ER Sa Ecm (^ER (5a 
[MeV] {mb) [mb) {MeV) {mb) {mb) 
89.14 0.195 0.029 107.27 274.1 1.7 
90.20 0.604 0.056 108.11 298.9 2.5 
91.25 2.15 0.11 109.16 327.0 3.3 
92.30 4.87 0.16 110.21 351.6 2.9 
93.36 10.2 0.22 111.27 369.6 2.6 
94.41 19.1 0.31 113.37 417.4 2.9 
95.46 28.7 0.47 114.43 433.8 3.0 
96.52 43.7 0.56 115.48 463.3 3.5 
97.57 59.3 0.67 116.54 475.1 3.7 
98.63 77.4 0.82 120.75 536.7 3.8 
99.68 98.1 0.82 124.96 573.2 4.7 
99.69 99.9 2.4 129.18 593.7 4.3 
100.68 117.5 2.1 
100.73 115.8 1.0 
101.76 147.8 1.4 
102.84 170.6 0.9 
103.89 196.2 1.6 
104.95 222.9 1.8 
106.00 252.3 2.1 
107.05 273.7 2.2 
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Table A.9: The measured ER cross sections for the reaction ^^Ni+^'^Ni from 
Series 3. The energies have been corrected for energy losses in the "" 'C 
entrance foil, the gas cell and in the target foil. Only statistical uncertainties 
are given. 
Ni Series 3) 
Earn CTER 5o Ecm (^ER 5a 
(MeV) {mb) {mb) {MeV) {mb) {mb) 
87.61 0.014 0.003 106.59 258.5 2.0 
88.66 0.055 0.006 107.65 285.8 1.8 
89.73 0.287 0.012 108.70 307.1 1.9 
90.78 1.160 0.034 109.76 333.6 1.9 
91.83 3.311 0.080 110.83 357.2 2.4 
92.35 5.169 0.091 111.87 382.1 2.7 
92.88 7.261 0.111 112.92 402.3 3.0 
93.41 9.567 0.095 113.98 418.5 3.2 
93.93 13.69 0.13 115.06 443.1 2.7 
94.98 21.76 0.22 116.09 462.7 3.1 
96.04 34.15 0.34 117.15 483.1 3.4 
97.09 48.34 1.56 118.20 496.8 3.4 
98.15 65.00 0.58 119.24 513.5 3.5 
99.20 83.77 0.77 120.29 529.1 3.6 
100.26 104.4 1.1 
101.32 130.3 1.4 
102.39 155.1 1.1 
103.43 184.6 1.6 
104.48 203.9 1.8 
105.54 237.5 2.0 
APPENDIX B 
Transport efficiency as a function o 
the magnetic fielc. 
Studies of transport efficiency of the evaporation residues and elastics througli 
SOLITAIRE, as function of the magnetic field and for different configurations of 
the blocking discs and exit aperture were carried out to determine the optimum 
conditions for evaporation residue measurements. An example of these studies is 
presented in this appendix. 
Calculations are presented for the reaction at Eseam = 220 MeV 
and for the experimental configuration used in the Series 2 and 3 measurements. 
The ER angular distribution input to the code corresponds to that determined 
experimentally in this work, while Rutherford angular distribution is assumed 
for elastics. Mott scattering effects are not considered for the elastic scattering 
calculations as this correction is insignificant for the results presented here. Of 
course, this does not affect the simulation for the ERs. 
The results of the simulations for the number of ERs, normalized by the total 
number at the target position, arriving at the first MWPC (filled circles), intercepted 
by the rod and blocking discs (open squares) and by the exit collimator (shaded 
triangles) are presented in the upper panel of Figure B.l as a function of the 
magnetic field. Other components of SOLITAIRE, the Faraday cup, nose cone 
and the frame of the MWPC block less than 3% of the ERs, and these results are 
not shown in the Figure B. l . 
The results of the simulations for the elastically scattered particles are presented 
in the lower panel of Figure B.l . It is clear that for magnetic field values greater 
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Figure B. l : SoliX calculations of the probability of transmission of the ERs 
and elastically scattered particles, for the system at EBeam = 220 
MeV, as a function of the magnetic field of reaching the M W P C detector, 
and of being stopped by the set of three blocking discs and the supporting 
rod, collimator at the exit of the solenoid and Faraday cup. ER measurements 
were performed at 5.5 T as indicated by the vertical dashed lines. 
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than 5 T, the rod and blocking discs are very effective in preventing the elastically 
scattered particles form reaching the MWPC. A comparison of the top and bottom 
panels shows that a field of ~ 5.1 T is ideal for the ER measurements (at -Bseam = 
220 MeV) as the ER transmission is the highest and the elastics are best suppressed. 
However, experimental measurements showed that the background of mainly energy 
degraded beam particles, which are not simulated, is lower at slightly higher fields. 
The measurements were thus performed at 5.5 T which was a good compromise 
between the transmission of ERs and reduction of background events. 
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APPENDIX C 
..mprovement of the Gas Cell Entrance 
Window 
As part of the development process, parts of the detector system were changed 
and improved in order to optimize the particle detection technique. Several 
difficulties were overcome, some of them were resolved without major changes. An 
essential part of the system, the gas cell entrance window, had to be re-thought and 
designed again. 
Originally, the target chamber was isolated from the gas cell by a 0.7 /xm thick 
PET foil which was located behind the FC in the plane of separation between the 
iron cone and the solenoid (see Figure 2.4 in Chapter 2). 
This PET foil had to be replaced on several occasions after the experiment due 
to radiation damage. On some occasions the experiment had to be stopped to 
replace it because this foil was damaged and developed a leak. The time consumed 
to replace this window and being able to continue measuring involved several hours. 
Its average life time varied from two days up to a week, depending on the intensity 
of the beam used. The foil exhibited a circular spot of damaged surface with 
similar size to the FC which was located in front of it. Our strongest suspicion 
is that the damage in foil was suffered as the consequence of the forward focused 
elastically scattered particles. It became clear that a PET foil cannot withstand 
radiation damage and an alternative configuration was desired. Consequently, the 
window was moved upstream of the target, and the window material was changed to 
foil. Since the beam now enters the chamber through this foil, it was essential 
to make it as thin as possible, whilst ensuring that it can hold ~ 1 to 2 Torr of 
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0 
C Foil Frame' 
Figure C.l: Diagram of entrance window to the target chamber and the 
cassette holding up to seven foils and an empty holder. 
helium gas. Several thicknesses for the target sized carbon foil were tested, and a 
15 ng/cm^ foil was used in the experiment. 
Currently, at the plane of separation between the beam line and target chamber 
there is a cassette holding up to seven "" 'C foils and an empty slot, to be changed 
manually (see Figure C.l ) . This allows an easy change of the foils without opening 
the device, e.g. as in case of a damaged foil. The empty slot is used during pump 
down minimizing the stress on the foils. It is also used for measurement of energy 
loss suffered by the beam in going through the entrance foil. Elastic scattering of 
the beam going through the empty slot and incident on the target is measured in 
the monitor detectors. The centroid of the elastic peak is then compared with that 
obtained when the carbon entrance foil is introduced in the path of the beam. 
The '"'^C foil window was proved very resilient to radiation damage as same 
carbon foil has been utilized in more than one occasion, always with good results. 
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